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The first cellular differentiation event in mouse development leads to the formation of the 
blastocyst consisting of the inner cell mass (ICM) and a functional epithelium 
(trophectoderm; TE). The ICM shortly thereafter gives rise to the pluripotent epiblast 
(EPI) and the extra-embryonic primitive endoderm (PE). The molecular mechanisms that 
regulate the differentiation of totipotent blastomeres to the three distinct cell types remain 
unclear. In my thesis, by utilizing microfluidic technology and TaqMan realtime PCR, I 
have achieved high throughput gene expression quantification in single cells. I applied 
the single cell technology to profile the expression of 48 genes, in parallel, from more 
than 576 individual cells harvested throughout preimplantation development. I found 
clear gene expression signatures defining the earliest differentiated cell lineages (TE, EPI 
and PE). I was able to show that each blastomere at the 16-cell stage abundantly 
expresses numerous transcription factors that subsequently become lineage-restricted. 
Next, I perturbed the preimplantation developmental system with specific pathway 
inhibitors, and show that external signal is crucial to the proper differentiation of the 
blastocyst cell lineages. Finally, I characterized the role of a key TE lineage transcription 
factor Cdx2 during the first cellular differentiation using inducible overexpression cell 
lines as well as the knockout embryos. I show that Cdx2 activates TE transcriptional 
program while repressing the totipotent network. The study integrated the external 
signalling pathways with the core internal transcriptional network through the 
differentiation of the blastocyst lineages and dramatized the power of single cell analysis 
to provide insight into developmental mechanisms. 
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1.1 Mouse preimplantation development 
The first cellular differentiation event in mouse development leads to the formation of the 
blastocyst consisting of the inner cell mass (ICM) and a functional epithelium 
(trophectoderm; TE). The ICM shortly thereafter gives rise to the pluripotent epiblast 
(EPI) and the extra-embryonic primitive endoderm (PE). The molecular mechanisms that 
regulate the differentiation of totipotent blastomeres to the three distinct cell types remain 
unclear. This model system, namely mouse preimplantation development (Figure 1.1), 
provides us with the ability to study in vivo cellular differentiation events under an in 
vitro culture condition. The system is relatively simple comparing to later embryogenesis 
events; and it has been an attractive and popular model for study cell fate decision. At the 
same time, knowledge gained from a clear understanding of the molecular development 
of the mammalian blastocyst will be directly applicable to clinical applications in the 
fields of stem cell therapy and assisted reproduction.  
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Figure 1.1: Mouse preimplantation development (http://stemcells.nih.gov/). 
 
1.2 Current controversies 
Currently, there is significant debate over the molecular mechanisms involved in 
blastocyst cell lineage segregation. Our understanding about the TE lineage specification 
is still unclear. The pre-patterning model suggests that blastocyst patterning can be 
anticipated before the 8-cell stage (Gardner, 2001; Zernicka-Goetz, 2002; Gardner and 
Davies, 2003; Gardner, 2007), while the regulative model suggests that differences 
between blastomeres regarding lineage segregation appear after compaction (8-cell 
stage). Subsequent divisions after 8-cell stage generate outer polarized TE progenitors 
and inner non-polarised ICM progenitors (Yamanaka et al., 2006; Johnson & Ziomek 
1981; Fleming et al., 2001; Johnson and McConnell, 2004). Enquiries into the 
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mechanism for the segregation of PE lineage and EPI lineage have, so far, also been 
inconclusive. Previously, it was believed that positional signals at the interface between 
the ICM and the blastocyst cavity lead to the specification of PE lineage (Yamanaka et 
al., 2006). This was then challenged by the observation that early markers of EPI and PE 
lineage are mutually exclusive but randomly distributed within ICM at the middle 
blastocyst stage (Rossant et al., 2003; Chazaud et al., 2006). More recent studies found 
that lineage specific transcription factors are initially colocalized and their expression 
level appears to be random within the individual cells of the morula (Dietrich and Hiiragi, 
2007; Plusa et al., 2008). These findings raise the possibility of a stochastic process 
during the differentiation of the blastocyst lineages. 
 
1.3 Technical problems 
Research works on mouse preimplantation development has been limited by the small 
amount of cells that are available. At the time of blastocyst formation the mouse embryo 
consist of only 32 cells. With such little material, it has been a challenge to gain a 
comprehensive molecular understanding of this process. Most of the current studies 
utilize immunocytochemistry to analyze the expression pattern of one or two genes at a 
time in the preimplantation embryo (Strumpf et al, 2005; Dietrich and Hiiragi, 2007; 
Plusa et al., 2008). Using this method, the expression of several important developmental 
regulators has been characterized. However, little information is known about the larger 
molecular network that these genes are incorporated into and how this dynamically 
changes over time.  There has been some global gene expression profiling achieved using 
pooled preimplantation embryos (Rothstein et al., 1992; Hamatani et al., 2004; Wang et 
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al., 2004), but these studies fails to differentiate gene expression between the three types 
of cells within the system. Very recent technological advancements allow for microarray 
or mRNA sequencing analysis from a single cell (Kurimoto et al., 2006; Kurimoto et al., 
2007; Tang et al., 2009), but although extremely powerful, these expensive and time 
consuming protocols are impractical to perform quantitative expression profiling on a 
large number of samples.  
 
1.4 Research objectives 
The main purpose of my research was to investigate the molecular mechanism(s) that 
leads to the differentiation and segregation of totipotent cells into the three blastocyst cell 
lineages. More specifically, my aims were: 
 
1) To establish a robust high throughput single cell quantitative real-time PCR protocol 
and analyze the expression pattern of key genes at the single cell level through mouse 
pre-implantation development. 
 
2) To determine the key signalling pathway that initiates the cellular differentiation 
preceding blastocyst formation. 
 
3) To investigate the transcription factor network that establishes blastocyst lineage 
segregations in the developing mouse embryo. 
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In this study, by utilizing recently available microfluidic technology and TaqMan 
realtime PCR, I have achieved high throughput gene expression quantification in single 
cells. I applied the single cell technology to profile the expression of 48 genes, in parallel, 
from more than 576 individual cells harvested throughout preimplantation development. 
Next, I perturbed the preimplantation developmental system with specific pathway 
inhibitors, and show that external signalling is crucial to achieve the proper 
differentiation of blastocyst cell lineages. Finally, I have applied the technology to the 
analysis of individual knockout blastocysts, and characterized functional targets of a TE 
developmental regulator. 
 
In the next chapter, a detailed literature review is presented to discuss current 















2.1 Early cleavages and developmental bias 
Localization of determinants plays a key role during the early development of many 
species; and polarity may be established as early as the oocyte stage (Nusslein-Volhard, 
1991; Howley and Ho, 2000). However, in mammals, contribution of maternal 
determinants for early development is not very significant (Johnson et al., 1986). In 
mouse embryos particularly, there is a heated debate over whether or not polarity exists 
during early cleavages. 
 
In the first two days of development, the embryo undergoes successive cleavage divisions 
to produce an eight-cell embryo. Blastomeres generated from the first three rounds of cell 
divisions are thought to be totipotent (Johnson and McConnell, 2004). Individual 
blastomeres isolated from 4 or 8 cell stage mouse embryos are capable of forming 
blastocyst structures (Rossant, 1976). Moreover, ablation of a blastomere at the 8-cell 
stage does not affect fetus development (Tarkowski, 1959; Tsunoda and McLaren, 1983; 
Zernicka-Goetz, 1998; Ciemerych et al., 2000). All this evidence support that, during 
early cleavage, different blastomeres retain the potential to form all cell lineages 
(Yamanaka et al., 2006).  However, having the same developmental potentials does not 
mean each blastomere is identical. Small differences in the internal programs or the 




Another point of view emphasizes that, although totipotency may be retained until the 8-
cell stage, there are still developmental biases in the early blastomeres (Zernicka-Goetz, 
2005). Some studies suggest that in most mouse embryos one of the 2-cell blastomeres 
primarily becomes the embryonic part of the blastocyst and the other becomes the 
abembryonic part. It also has been argued that the orientation of the first cleavage, 
implied to be marked by the position of the second polar body, can generate blastomeres 
with different developmental characteristics (Plusa et al., 2005; Gardner and Davies, 
2003; Gardner, 2007). The orientation and order of the second cleavage divisions has also 
been suggested to result in individual 4-cell stage blastomeres with differing fates 
(Piotrowska-Nitsche et al., 2005; Piotrowska-Nitsche et al., 2005), a particular cleavage 
pattern resulting in differential expression of a TE marker at the 8-cell stage (Jedrusik et 
al., 2008). Another study has classified 4-cell blastomeres into three categories based on 
results of cell lineage tracing experiments. In the first, the labeled cells were randomly 
mixed with non-labeled. In the second, labeled cells were distributed only in the extra-
embryonic ectoderm layers. And in the third category, labeled cells were seen only in the 
embryo proper and the extra-embryonic mesoderm (Fujumori et al., 2003).  Nevertheless, 
it is still a crucial but unknown question whether there is any biased localization of 
lineage determinants during the first two cleavage divisions. 
 
Importantly, some studies have pointed out that the embryonic-abembryonic axis is not 
predetermined. As suggested by time-lapse recordings, the second polar body actually 
moves towards the first cleavage plane rather than marking a stationary animal pole. The 
first cleavage plane is actually related with the position of the two apposing pronuclei; 
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and is not predetermined (Hiiragi at al., 2004). One model suggests that the zona 
pellucida exerts mechanical force and space constraints to the developing embryo. The 
mechanical cues, together with the epithelial seal in the outer cell layer, lead to 
specification of the embryonic-abembryonic axis, thus establishing the first polarity in the 
mouse embryo (Motosugi et al., 2005). Another group also suggested that the axis of the 
mouse blastocyst is generated independently of early cell cleavage but is related with the 
shape of the zona pellucida. And the rotation of the embryo within the zona pellucida 
may help to explain the lack of correlation between cell lineage and the embryonic-
abembryonic axis (Kurotaki et al., 2007). These later studies disproved the existence of a 
predetermined embryonic-abembryonic axis during preimplantation development 
however they did not provide much insight into to the molecular mechanisms of the 
blastocyst lineage differentiation.  
 
2.2 Compaction and polarization 
At the 8-cell stage, mouse embryos go through an important morphological change called 
compaction, during which blastomeres become adhesive and polarized (Fleming et al., 
2001 and Yamanaka et al., 2006). While blastomeres increase cell–cell contact to 
produce a compacted morula, a variety of subcellular components start to show polarized 
distribution (Handyside, 1980). Subsequent divisions create inside cells that are enclosed 
entirely by other cells, and outside cells that retain a significant contact-free surface 
facing the external environment. At the late morula stage, the outer cells adopt an 
epithelial structure; the resulting TE surrounds the expanding blastocoel. Within this 
sealed epithelium what were the inner cells of the morula become located at one end 
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(defining the embryonic side) and is termed the ICM. The embryo is now called a 
blastocyst and it contains two distinct cell populations: TE and ICM. 
 
It has been suggested that, differences between blastomeres regarding lineage segregation 
appear after compaction (8-cell stage). Subsequent divisions after the 8-cell stage 
generate outer polarized and inner non-polarised progenitors of TE and ICM respectively 
at the 16-cell morula (Johnson & Ziomek 1981; Fleming et al., 2001; Johnson and 
McConnell, 2004). Lineage tracing experiments suggest that the TE is derived mainly 
from these outside cells, whereas inside cells contribute to the ICM (Fleming, 1987). 
Although cell fate choices in the morula appear to be fixed according to their position, 
cellular differentiation is actually not complete yet. 
 
Classical cell fate studies have shown that inside cells in the preimplantation mouse 
embryo do not become restricted to the formation of ICM until after blastocyst formation, 
while outside cells isolated from late morulae retain the potential to form ICM (Rossant, 
1975; Rossant and Lis, 1979; Rossant and Vijh, 1980). By using aggregates of inner or 
outer cells, one recent study suggested that blastomeres of the mouse embryo are still 
totipotent at the 16-cell stage (Ziomek et al., 1982; Suwinska et al., 2008), and this 
totipotency is lost at around the 32-cell stage when the blastocyst forms. Although the 4th 
cleavage division generates outside polar cells and inside apolar cells that are presumed 
to become the TE and ICM, respectively, immunofluoresence detection in the 16-cell 
mouse embryo suggests that blastomeres show highly variable expression, at least from 
the limited number of developmental regulators studied. There is initially no reciprocal 
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relationship between these antagonizing transcription factors that were studied (Dietrich 
et al., 2007; Plusa et al., 2008). These studies raise further questions on when and how 
early embryo cells make their lineage choice and commitment. 
 
2.3 Heterogeneity in the ICM 
The fifth round of cell division during mouse preimplantation development leads to the 
formation of the blastocyst (~32-cell stage). After cavitation, the TE forms as an 
epithelium enclosing the blastocyst cavity and the ICM. By the late blastocyst, the PE 
appears as a distinct layer of cells on the surface of the ICM lining the cavity, with deeper 
cells comprising the pluripotent EPI, which gives rise to the embryo proper. Specification 
of PE has received comparably less attention compared to the specification of the TE. 
Previously, it was believed that PE differentiation was in response to positional signals at 
the interface between the ICM and the blastocyst cavity (Yamanaka et al., 2006). This 
view was supported by the observation that when embryonic stem (ES) cells are allowed 
to form embryoid bodies, the outer layer of cells differentiates to form PE-derived tissue 
(Becker et al., 1992; Martin and Evans, 1975; Murray and Edgar, 2001). Recently, an 
alternative model has been proposed from the evidence that two early markers of the EPI 
and PE lineages exhibit an apparently random and mutually exclusive distribution within 
the ICM at the mid-blastocyst stage, prior to PE formation (Rossant et al., 2003; Chazaud 
et al., 2006), the so called salt and pepper pattern. Moreover, individually labeled mid-
blastocyst ICM cells exhibit a propensity to contribute to either the EPI or PE, but not 
both. These data suggest that EPI and PE cells are fated at a relatively early stage, and 
only later positionally sort into their respective layers (Chazaud et al., 2006). Live 
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imaging using a fluorescent reporter line of a recently identified PE specific marker 
Pdgfra provided further validation of the model (Plusa et al., 2008). However, it is still 
not known how this EPI/PE salt and pepper distribution within the ICM is established. 
 
2.4 The selector gene model 
Several key transcription factors are known to be important for the establishment of the 
blastocyst lineages and a gene selector model has been proposed based on these factors 
(Figure 2.1; Ralston and Rossant, 2005). Cdx2 and Eomes are expressed in the TE 
lineage (Beck et al., 1995; Hancock., 1999), while Oct4 and Nanog are expressed in the 
ICM (Palmieri et al., 1994; Mitsui et al., 2003; Chambers et al., 2003). Gata6 and Gata4 
are expressed in the PE lineage (Chazaud et al., 2006; Plusa et al., 2008), while Nanog is 
specific to EPI (Chambers et al., 2003; Mitsui et al., 2003). It has been proposed that 
antagonism between Cdx2 and Oct4 allows for the segregation of TE and ICM (Niwa et 
al., 2005, Ralston et al., 2005); while the antagonism between Gata6 and Nanog is 
important for the segregation of the PE and EPI (Fujikura et al., 2002; Chazaud et al., 
2006). Although these factors are thought to be specific to different blastocyst lineages, 
recent studies shows that there is initially no reciprocal relationship between Cdx2 and 
Oct4 or between Cdx2 and Nanog protein levels until the late blastocyst stage (Dietrich 
and Hiiragi, 2007; Plusa at al., 2008). It has also been found that Gata6 and Nanog are 
expressed in an overlapping manner in the early ICM (Plusa at al., 2008). These new 
findings lead to a new model of a stochastic process during the segregation of the 
blastocyst lineages initiated by these selector genes. 
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 Figure 2.1: Blastocyst lineage selector genes (Ralston and Rossant, 2005) repress each 
other to allow for blastocyst cell lineages segregation. 
 
2.5 Stem cells from the blastocyst 
There have been three types of stem cells derived from the mouse blastocyst, representing 
the three known blastocyst lineages (Rossant, 2001). Trophoblast stem (TS) cells are 
derived from the TE lineage and grow as an epithelium in the presence of Fgf4 and 
heparin (Tanaka et al., 1998). Embryonic stem (ES) cells are derived from the EPI 
lineage and grow as smooth colonies of rounded cells (Evans and Kaufman 1981; Martin 
1981). Extraembryonic endoderm (XEN) cells are derived from the PE lineage and 
exhibit stellate or round morphology (Kunath et al., 2005). Each of these stem cell types 
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can contribute to its cognate lineage in chimeric embryos (Tanaka et al., 1998, Kunath et 
al., 2005, Reubinoff et al., 2000; Beddington et al., 1989).  
 
These stem cells can be used as powerful tools to study the in vivo blastocyst lineages. 
They can be expanded in vitro and provide large amounts of material for high throughput 
molecular analyses. Studies using these stem cells have already enhanced our 
understanding of in vivo cell lineage segregation (Niwa et al., 2005; Capo-Chichi et al., 
2005). However, differences may exist between these stem cells and their in vivo 
representatives. In addition they are relatively restricted cell types representing 
differentiated blastocyst lineages. And it may be problematic to use these cell lines for 
mimicking the dynamic differentiation process from the totipotent state. Needless to say, 
the best materials for studies on preimplantation development are still the embryos 
themselves. With recent technological developments, is it possible to carry out high 
throughput genomic analyses directly on the preimplantation embryo and its small 
amount of biological material? This is the central technical question that leads to my 
devotion to the present study. 
 
2.6 Important pathways 
2.6.1 Cell adhesion 
During compaction with increased cell-cell adhesion, the embryo becomes a compacted 
ball. It is known that E-cadherin is greatly enriched at regions of cell-cell contact in the 
early morula; and at a later stage, tight junctions begin to assemble just apical to the 
adherens junctions (Fleming et al., 1993). Functional analysis suggests the importance of 
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cell-cell adhesion in normal blastocyst formation. E-cadherin knockout embryos do not 
cavitate (Larue et al. 1994; Riethmacher et al. 1995).  Interestingly, single cells isolated 
from late 8-cell stage embryos still polarize (Shirayoshi et al., 1983). Cytochalasin D, 
which inhibits cytokinesis, intercellular adhesion and junction formation, does not affect 
mophological polarization associated with compaction (Pratt et al., 1981). However, it is 
suggested that cell-cell contact gives orientation cues to the cell polarization (Johnson 
and Ziomek, 1981). The loss of zygotic E-cadherin results in aberrant polarity (Larue et 
al., 1994; Riethmacher et al., 1995). Morphologically, E-cadherin knockouts do not have 
TE; this is not surprising given that cellular contact is important for this multi-cellular 
structure. What remains unanswered is whether the E-cadherin pathway plays any role in 
the choice of the TE transcriptional program, notably its expression is not restricted to the 
TE within the blastocyst. 
 
2.6.2 Protein kinase C 
Protein kinase C (PKC), a ubiquitous, phospholipid-dependent enzyme, is involved in 
signal transduction associated with cell proliferation, differentiation, and apoptosis. At 
least eleven closely related PKC isozymes have been reported that differ in their structure, 
biochemical properties, tissue distribution, subcellular localization, and substrate 
specificity. They are classified as conventional (, 1, 2, ), novel (, , , , ), and 
atypical (, ) isozymes. Conventional PKC isozymes (cPKC) are Ca2+-dependent, while 
novel and atypical isozymes (nPKC and aPKC) do not require Ca2+ for their activation. 
All different kinds of PKC isoforms have been reported to be present between the 2-cell 
and blastocyst stages of mouse preimplantation development, though each has a distinct, 
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dynamic pattern and level of expression (Pauken and Capco, 2000; Dehghani and Hahnel, 
2005). 
 
During polarization, a variety of subcellular components localize to the apical, contact-
free cell pole (outside facing) including well known players in asymmetric cell division 
such as Par3, Par6 and aPKC (Nelson, 2003; Vinot et al., 2005; Yamanaka et al., 2006; 
Ralston and Rossant, 2008). Cell surface molecules, cytoskeletal elements and some 
cytoplasmic organelles also show polarized distribution. Overexpression of either 
dominant-negative aPKC or RNAi knockdown of Par3 at the 4-cell stage causes injected 
cells to preferentially occupy the ICM position at the blastocyst stage (Plusa et al., 2005). 
Recently it has been shown that Cdx2 localization is temporally downstream of aPKC 
localization during compaction (Ralston and Rossant, 2008). In addition, aPKC plays a 
central role in tight junction (TJ) formation within the TE lineage (Eckert et al., 2004; 
Eckert et al., 2005). However functional studies linking polarization with TE 
specification is lacking. 
 
2.6.3 Fibroblast growth factor  
Fibroblast growth factors (FGF) are a family of growth factors extensively involved in 
embryonic development. The FGFs activate receptor tyrosine kinases on the cell surface 
and this interaction is enhanced by heparin. Signals mediated through their receptors are 




FGF signalling appears to play an important role in PE differentation. PE-defective 
phenotypes are found in knockouts involving FGF signalling. Both Fgf4 (ligand) and 
Fgfr2 (receptor) null embryos lack PE and/or its post-implantation derivatives (Feldman 
et al., 1995; Arman et al, 1998), and a similar phenotype is seen in null embryos for Grb2, 
an effector of FGF signalling (Chazaud et al., 2006). FGF signalling may promote PE 
formation by activating Gata6 expression through Grb2, which leads secondarily to loss 
of Nanog expression (Chazaud et al., 2006). However the expression pattern of FGF 
ligand and receptor in the blastocyst is still unclear. Although it is known that the EPI- 
and PE-specific transcription factors were expressed in the E3.5 ICM in a random but 
mutually exclusive manner, the initiation of this mosaic pattern of EPI/PE gene 
expression is unknown. 
 
2.6.4 Mitogen-activated protein kinases 
Mitogen-activated protein kinases (MAPKs) are serine/threonine-specific protein kinases 
that respond to extracellular stimuli (mitogens) and regulate various cellular activities. 
There are mainly three groups of MAPKs: extracellular signal-regulated kinases (ERK1, 
ERK2), c-Jun N-terminal kinases (JNKs) and p38 isoforms. 
 
Significant evidence has indicated that the Ras-Mek-Erk pathway plays important roles in 
mouse ES proliferation and differentiation. It has been suggested that Fgf4 stimulation of 
Erk1/2 is an autoinductive stimulus for ES cells to exit the self-renewal programme 
(Kunath et al., 2007). Conditional activation of a mutant form of Ras in ES cell leads to 
trophoblast differentiation. In addition, Erk inhibition by PD98095 from the 8-cell stage 
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results in reduced Cdx2-positive cells within morula-stage mouse preimplantation 
embryos (Lu et al., 2008). Moreover, both Erk2 and Erk1 are widely expressed 
throughout early-stage embryos. Erk2 mutant embryos fail to form the ectoplacental cone 
and extra-embryonic ectoderm, which give rise to mature trophoblast derivatives (Saba-
El-Leil et al. 2003).  
 
The role of p38 MAPK during preimplantation development has also been implicated. 
p38 MAPK, p38-regulated or -activated kinase were detected throughout preimplantation 
development. Inhibition of p38 MAPK signalling blocks blastocyst formation (Natale et 
al., 2004). In addition, p38 mitogen-activated protein kinase was found to be regulating 
filamentous actin at the 8 to 16-cell stage (Paliga et al., 2005). Nevertheless, the specific 
functions of these kinases in preimplantation development are difficult to study, given the 
complicated cross talk of different pathways and the small amount of cell material. 
 
2.7 Key transcription factors 
2.7.1 Oct4, Sox2 and Nanog 
Classical knockout studies revealed several transcription factors that are important for 
early embryonic development, including well known pluripotent transcription factors 
Oct4, Sox2 and Nanog. 
 
Oct4 (Pou5f1) belongs to the POU transcription factor family that all shares a conserved 
POU domain. Maternal Oct4 is detected in oocytes; and it is expressed through out 
preimplantation development. During the first lineage segregation process, Oct4 is 
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downreguated in the TE lineage and maintained in the ICM. Expression of Oct4 remains 
in the EPI, then strictly in primordial germ cells (Scholer et al., 1989; Scholer et al., 
1990; Scholer et al., 1990; Rosner et al., 1990) 
 
Oct4 knockout embryos still form blastocysts, but the ICM cells fail to differentiate into 
multiple lineages. These embryos only give rise to the extraembryonic trophoblast cells 
in vitro (Nichols et al., 1998).  Interestingly, a critical amount of Oct4 is required to 
sustain ES pluripotency; upregulation or downregulation of Oct4 leads to divergent 
differentiation programs.  A less than two fold overexpression of Oct4 causes 
differentiation into PE and mesoderm; while repression of Oct4 induces differentiation to 
TE. The precise level of Oct4 appears to control the three different cell fate decisions at 
least in the context of ES cells (Niwa et al., 2000).  
 
Some Oct4 target genes are also key players during blastocyst lineage decisions. Cdx2, a 
critical transcription factor required for TE differentiation and TS cell survival, is 
repressed by Oct4 in the ICM cells in vivo and in ES cells in vitro  (Niwa et al., 2005; 
Strumpf et al., 2005). Fgf4, a growth factor controlled by Oct4, is essential for 
development of extraembryonic tissues and the proliferation of TS cells (Nichols et al., 
1998; Tanaka et al., 1998; Kunath et al., 2007).   
 
SRY (sex determining region Y)-box 2, also known as Sox2, is a transcription factor that 
is essential to maintain self-renewal of undifferentiated ES cells. Mouse Sox2 is 
expressed in pluripotent cells, in the extraembryonic ectoderm, and in germ cells. After 
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gastrulation, Sox2 becomes restricted to the developing neural tube; it is highly expressed 
in the neuroepithelium as well as in adult neural stem cells (Wood et al., 1999; Zappone 
et al., 2000; Episkopou et al., 2005).  
 
Sox2 knockout embryos are peri-implantation lethal due to an inability to maintain the 
EPI (Avilion et al., 2003). An earlier role of Sox2 within the ICM may be masked by the 
persistence of maternal protein. Sox2 is required for ES cell pluripotency. Sox2 loss of 
function in ES cells leads to trophoblast differentiation, similar to Oct4 null ES cells 
(Masui et al., 2007; Nichols et al., 1998; Niwa et al., 2005). The functions and regulatory 
mechanisms of Sox2 in ES cells were uncovered by using an inducible Sox2 null mouse 
ES cell line. Suppression of Sox2 in ES cells leads to differentiation into TE-like cells, 
similar to Oct4 null ES cells (Masui S et al., 2007; Nichols et al., 1998; Niwa et al., 
2005).  However, Sox2 is dispensable for the activation of a number of sox-oct enhancer 
containing genes; and Oct4 is able to rescue the Sox2 null ES cells, suggesting that Sox2 
maintains pluripotency by regulating Oct4 expression (Masui et al., 2007). In addition, 
the Oct4-Sox2 complex has many important targets in ES cells, such as Fgf4, Oct4, Sox2 
and Nanog (Yuan et al., 1995; Ambrosetti et al., 1997; Chew et al., 2005; Rodda et al., 
2005).  
 
Nanog is a homeodomain-containing transcription factor critically involved with self-
renewal of undifferentiated ES cells. The role of Nanog as a key pluripotent marker was 
discovered by two independent groups (Chambers et al., 2003; Mitsui et al., 2003). Both 
studies showed Nanog can maintain ES self-renewal independent of LIF signalling.  
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Nanog is expressed in the ICM of the blastocyst. After implantation, Nanog remains 
restricted to the EPI, and later marks the primordial germ cells (Mitsui et al., 2003; Hart 
et al., 2004). Nanog-deficient ICM produced only endoderm-like cells and and appeared 
to lack the ability to maintain a normal EPI. Disruption of Nanog in ES cell leads to 
extraembryonic endoderm differentiation (Mitsui et al., 2003; Ivanova et al., 2006). 
However, Chambers et al. reported that Nanog expression fluctuates in mouse ES cells. 
Although Nanog null ES cells are prone to differentiation, they can self-renew, contribute 
to different germ layers and be recruited to the germ line (Chambers et al., 2007).  Sall4, 
another pluripotent transcription factor, is shown to interact with Nanog and co-occupy 
many Nanog target genes including Pou5f1, Sox2, Nanog and Sall4 (Wu et al., 2006). 
Recent advances in ChIP-seq technology allow for global target mapping studies for 
these pluripotent transcription factors in ES cells (Loh et al., 2006; Chen et al., 2008). 
These studies also provide valuable information about the genetic network in the EPI 
lineage.  
 
2.7.2 Cdx2, Eomes and Tead4 
Transcription factors regulating the TE lineage are less well studied. Cdx2 is the earliest 
known functioning transcription factor that is specifically expressed in the TE lineage 
(Beck et al., 1995). Cdx2 null embryos still form blastocoels but can not maintain a fully 
expanded cavity, and these embryos fail to implant. The loss of Cdx2 results in a failure 
to down-regulate Oct4 and Nanog in outer cells of the blastocyst and leads to apoptosis of 
TE cells (Strumpf et al, 2005). Gain of Cdx2 function in ES cells triggers trophoblast 
differentiation (Niwa et al., 2005; Tolkunova et al., 2006). Cdx2 is required for TS cell 
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self-renewal but not required for TE differentiation induced by Oct3/4 repression. 
Evidence suggests that antagonism between Cdx2 and Oct4 is critical for the segregation 
of the TE and ICM (Niwa et al., 2005; Smith, 2005).   
 
The T-box family member Eomesodermin (Eomes) is initially expressed in the TE 
lineage of the blastocyst, then the extraembryonic ectoderm, and thereafter the chorion 
(Hancock et al., 1999; Kwon et al., 2007). Eomes plays an essential role in trophoblast 
development. Mouse embryos lacking Eomes have defects in the TE and arrest shortly 
after implantation (Russ et al., 2000). Overexpression of Eomes in ES cell also induces 
molecular differentiation towards the TE lineage (Niwa et al., 2005). 
 
During the first lineage decision, Cdx2 is required for repression of Oct4 and Nanog as 
well as the activation of Eomes in the TE (Strumpf et al, 2005). It has been shown that 
Cdx2 is initially ubiquitously expressed around the time of cell polarization. However 
cell polarization is independent of zygotic Cdx2 expression. Thus Cdx2 appears to be 
downstream of the first lineage decision but upstream of multiple transcription factors 
during the molecular establishment of the TE (Ralston and Rossant 2008).  
 
Recently, the TEA domain family transcription factor Tead4 is generating intense interest 
in the preimplantation development field as two independent groups have described an 
essential role for it in the specification of the TE in mouse embryos (Yagi et al., 2007; 
Nishioka et al., 2008). They both have showed that Tead4 null embryos fail to form 
blastocoels. In addition, Eomes and Fgfr2 were not detected in the null embryos, while 
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Cdx2 is only weakly expressed at the morula stage. However, Tead4 is not a TE lineage 
specific marker; it is expressed in both TE and ICM lineages (Nishioka et al., 2008).  A 
more recent study showed that as early as the morula stage, the Tead4 coactivator protein 
Yap localizes to nuclei of the outside cells and promotes TE development via Cdx2 
activation. At the same time Tead4 activity is repressed by Lats-mediated inhibition of 
Yap localization (Nishioka et al., 2009). 
 
2.7.3 Gata6 and Gata4 
Gata6 and Gata4 belong to a family of zinc finger transcription factors that regulate 
cellular differentiation and embryonic morphogenesis in vertebrate species. During 
preimplantation development, Gata6 and Gata4 have a determining role in the PE 
formation. Gata6 knockout mice died between E6.5 and E7.5 with defects in 
extraembryonic endoderm differentiation.  The expression of Gata4 and HNF4 are 
significantly reduced and widespread apoptosis was observed within the embryonic 
ectoderm (Koutsourakis et al., 1999; Morrisey et al., 1998). Recent evidence suggests 
that Gata6 may have an essential role for PE differentiation at a much earlier stage than 
previously recognized (Cai et al., 2008). 
 
The PE differentiation in the early mouse embryo can be partially mimicked by in vitro 
EB formation using mouse ES cells in culture following aggregation of suspended cells. 
It has been shown that Gata6 and Gata4 respond to different signals during the in vitro PE 
differentiation (Capo-Chichi et al., 2005). Overexpression of either Gata6 or Gata4 in ES 
cells induces PE differentiation (Fujikura et al., 2002). The antagonism between Nanog 
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and Gata proteins has been implicated to be driving the PE/EPI segregation (Ralston and 
Rossant, 2005; Chazaud et al., 2006). Comparison between the differentiated wild-type 
ES and Gata6 null ES cells revealed that Disabled homolog 2 (Dab2) is a downstream 
target of Gata6. In addition, Dab2 is absent in the visceral endoderm of Gata6 null 
embryos; but it is expressed in the visceral endoderm of Gata4 null embryos. These 
findings suggest different functional specificity of the two Gata factors during PE 
formation. As an interesting target of Gata factors, Dab2 is highly expressed in many 
epithelial cell types. The Dab2 knockout is embryonic lethal (earlier than E6.5) due to 
defective cell positioning and structure formation of the visceral endoderm (Yang et al., 
2002). Dab2 loss of function blocks retinoic acid-induced PE differentiation of F9 
teratocarcinoma cell line (Prunier and Howe, 2005). Evidence suggests that Dab2 is 
important for the polarity and epithelial cell surface positioning (Yang et al., 2007). 
 
2.8 Common research methods 
Mouse preimplantation studies are limited by the amount of biological material. One 
common method to check gene expression in preimplantation embryos is 
immunocytochemistry followed by confocal fluorescence microscopy. Previous studies 
analyzed the staining pattern of several key factors, such as Oct4, Nanog, Cdx2 and 
Gata6 through preimplantation development (Dietrich and Hiiragi, 2007; Plusa et al., 
2008). The method was also used in phenotyping different knockout embryos during 
preimplantation period and helped to characterize some key genetic regulation during the 
blastocyst formation (Strumpf et al., 2005; Chazaud et al., 2006; Nichols et al., 1998; 
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Yagi et al., 2007). However, it is very difficult to quantitate multiple genes in parallel 
using this technique.  
 
Global gene expression profiling of early mouse embryos have been achieved in a few 
studies via pooling of embryo materials. Rothstein et al. (1992) constructed large and 
representative cDNA libraries from unfertilized eggs, 2-cell, 8-cell, and blastocyst stage 
mouse embryos. The libraries allowed for the identification and isolation of genes 
expressed in the early embryo. Other studies used gene expression microarrays to profile 
global gene expression throughout preimplantation development (Hamatani et al., 2004; 
Wang et al., 2004). Hamatani et al. (2004) revealed two major transient waves of 
transcription. The first wave corresponds to zygotic genome activation (ZGA); the second 
wave corresponded to mid-preimplantation gene activation during cavitation (MGA). 
Wang et al. (2004) revealed richness of signalling processes in early mammalian 
development. One significant draw back for the pooling method is that it fails to look at 
the variations between individual embryos, not to mention individual cells. From the 
pooled data, it is difficult to interpret the simultaneous molecular events through the 
segregation of different blastocyst cell types. 
 
There have been studies using stem cells to simulate in vivo cellular differentiation. 
For example, Fujikura et al. reported that forced expression of either Gata6 or Gata4 in 
ES cells induce the differentiation program towards the PE lineage. 
Forced repression of Oct4 induced differentiation into the TE lineage. This event can also 
be mimicked by overexpression of Cdx2, which generates TS cells (Niwa et al., 2005). 
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These studies provide useful information about the preimplantation developmental 
network; however, it is clear that the in vitro culture differs from cells in the in vivo 
situation in terms of their expression pattern, cellular behavior and most importantly 
microenvironment. Ideally, we should study the primary embryonic material rather than 
their in vitro cultured cellular derivatives to fully understand preimplantation 
development.  
 
Recent technologies have significantly increased both the sensitivity and throughput of 
gene expression analysis. Now it has become possible to characterize the blastocyst 
lineage differentiation network directly using limited embryo material, and this analysis 
can go right down to the single cell level at which cellular fate choices are made. 
 
2.9 Single cell gene expression profiling 
A robust single cell gene expression profiling protocol is ideal for studying cellular 
differentiation in a complicated developmental system. But single cell studies are still 
very rare due to the difficulties with the technique. Actually, the technical bottleneck for 
single cell gene expression analysis is the multiplexity of the assays rather than the 
sensitivity of the detection. Many methods are actually sensitive enough to analyze gene 
expression down to a single cell. However it becomes a problem when more genes or 
more samples need to be analyzed at the same time. 
 
For example, protein-based assays such as fluorescence-activated cell sorting (FACS) 
and immunocytochemistry do not have any problem detecting gene expression in single 
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cells. However, such methods suffer significant limitation with the number of genes one 
can look at in parallel.  FACS is a popular way to measure protein levels in thousands of 
cells. The advances in optics and dye chemistry now enabled parallel analysis of up to ten 
proteins from single cells (De Rosa et al., 2001; De Rosa et al., 2003). But these protein 
based assays are largely dependent on the availability of highly specific antibodies. In 
practice, when more genes are to be analyzed, the availability of highly specific 
antibodies will significantly limit the assay. 
 
Generally, available RNA assays outperform protein assays with respect to ease of use, 
sensitivity, accuracy, and multiplexity. This is mainly because of the simplicity of nucleic 
acid chemistry and the specificity of strand hybridization which RNA amplification and 
detection depends on. Among the common RNA assays, in situ hybridization offers one 
approach for gene expression analysis and even transcript copy counting in single cells 
(Levsky et al., 2002; Zenklusen et al., 2008). This method is sensitive and does not 
disrupt cell structure.  However, it still suffers in multiplexing ability due to the very 
limited types florescent labels offered by current optics and dye chemistries. 
 
Now, preamplification based RNA assays appear to be holding great promises for single 
cell analysis. In order to increase the multiplexity of these sorts of assays, two methods 
have emerged with different amplification methods. 
 
1) Sequence-specific amplification and single cell qPCR 
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Quantitative realtime PCR (qPCR) is currently the most reliable technique for mRNA 
analysis, offering the best sensitivity and reproducibility of any standard method. In 
principle, qRT-PCR can detect a single molecule mRNA molecule within 40 cycles of 
PCR. There is no technical difficulty in quantification of a single gene from single cells 
using qPCR. However analysis of multiple genes in single cells becomes difficult, given 
the limited amount of materials in each sample. One common way to analyze more genes 
is to divide the RNA preparation into different individual qPCR reactions. This is 
extremely problematic for single cell analysis, because further subdivision of a small 
amount of RNA will result in significant sampling noise. Another method is to multiplex 
different colour-coded probes in one qPCR reaction. But primer dimer formation and the 
muffling of rare targets by abundant targets complicates this method. Five-channel qPCR 
instruments are available, but their full potential is rarely exploited even in conventional 
gene profiling studies. 
 
Increasingly, qPCR studies have turned to sequence-specific preamplification for the 
profiling of a large number of genes. In this strategy, a short round of single-tube 
multiplexed amplification is used to make enough material for multiple individual PCR 
analysis (Henegariu et al., 1997; Hu et al., 1997). The protocol developed by Peixoto et 
al. permits multiplexing of twenty assays (Peixoto et al., 2004). This multiplexed qPCR 
can also make use of primer sets originally designed and optimized for nomal qPCRs; 
and achieve quantitative analysis through SYBR Green or TaqMan PCR. Recently, the 
approach has been applied to profiling microRNA expression in single cells, using 
special looped primers for the RT step, allowing more than 200 targets to be quantitated 
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within the same sample (Tang et al., 2006). Currently, sequence-specific preamplification 
appears to be the most promising strategy for increasing the breadth of single cell qRT-
PCR analysis. The technique makes full use of the experience already gained in the 
design of highly specific qRT-PCR assays. Importantly, validated TaqMan primers and 
probes for thousands of genes are commercially available, supporting highly multiplexed 
single-cell studies. However, the bottleneck for the application of this strategy seems to 
be the throughput for the individual qPCR. It is extremely time consuming and uses 
costly reagents, particularly in the standard 96-well qPCR format for the analysis a large 
number of single cell samples with a large gene list. In the present study, this problem has 
been solved by utilizing the BioMark high throughput realtime PCR system. 
 
2) Global amplification and single cell sequencing (or microarray) 
Lots of effort has gone into the development of global mRNA amplification. Now the 
most popular global amplification method for single cell analysis makes use of the 
mRNA polyA tail. In this method, a single cell is lysed in a tube without purification and 
first-strand cDNAs are synthesized using a poly(dT) tailed anchor. Second strands are 
generated with a second poly(dT) tailed anchor after poly(dA) tailing of the first-strand 
cDNAs. Subsequently cDNAs are evenly amplified by PCR using two specific primers 
targeting the anchors. To maintain relative representation the amplicon size across all 
cDNAs is kept to a consistent length (in the 500 bp to 3 kb range). The amplified 
products appear to show good representation and reproducibility of the original gene 
expression in both microarray studies and, very recently, an mRNA sequencing (RNA-
seq) study (Chiang and Melton, 2003; Kurimoto et al., 2006; Kurimoto et al., 2007; Tang 
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et al., 2009). However, single cell global gene expression analysis has two significant 
drawbacks. Firstly, given the considerable cell to cell variation within a population, 
single cell analysis requires a large number of cells. The global amplification method and 
the subsequent global gene expression analysis, requires a complicated (up to 1 week per 
analysis) and expensive procedure. This disadvantage becomes very obvious when 
compared to my one step amplification plus 48 sample arrays protocol (1 day). Secondly, 
the poly(A)-based amplification may distort the quantitative representation of starting 
material. Because full-length mRNA transcripts are usually long, sequences far from the 
poly(A) tail may not be well recovered during the RT and/or PCR amplification steps. In 
my case, I aimed to generate high-quality expression data from a significant number of 
developmental regulators in a large number of cells. Previous work in the lab had already 
identified a large list of candidate genes important in preimplantation development thus I 
did not have the need to perform global gene expression. Thus, the best choice of 
technologies for my purpose was a microfluidic high throughput qRT-PCR method. 
 
In this report, starting from single cells in mouse preimplantation embryos, I performed 
cell lysis and cDNA synthesis immediately followed by sequence specific 
preamplification in the same tube. Multiple cDNA targets were initially amplified 
together by a pool of inventoried TaqMan primers; the product was then aliquoted to 
gene-specific PCRs using the BioMark high throughput real-time PCR system (48.48 
Dynamic Array, Fluidigm). The method allows for quantitative gene expression analysis 
of up to 48 single cell samples against 48 genes within one day, including preparation 
time for samples and reagents (Figure 2.2). 
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 Figure 2.2: High throughput single cell qPCR. (A) Single cells are manually dissected 
from the preimplantation embryos after treatment with acid tyrode’s solution followed by 
tripsin-EDTA. (B) High throughput realtime PCR was performed using the BioMark 
system. (C) A picture of 48.48 Dynamic Array showing the microfluidic channels that 
link to the qPCR reaction chambers. 
 
I applied this single cell technology to profile the expression of 48 genes, in parallel, 
from more than 576 individual cells harvested throughout preimplantation development. 
The data set was then used to visualize the first differentiation events and identify the 
genes which are most specific for each of the cell lineages. In addition, these data 
provided initial molecular clues into the two cell lineage segregation events that occur in 
preimplantation development. This analysis also revealed a number of interesting details, 
like the fact that several genes have quasi-discrete expression levels corresponding to the 
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three lineages, and that many genes radically change their specificity for a certain cell 















































3.1 Cell culture 
ES cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO-
BRL), with 20% heat-inactivated ES-qualified fetal bovine serum (FBS, GIBCO-BRL), 
0.055 mM -mercaptoethanol (GIBCO-BRL), 2mM L-glutamine, 0.1 mM MEM 
nonessential amino acid and 5000 U/ml penicillin/streptomycin on mitomycin-C 
inactivated mouse embryonic fibroblast (MEFs) or 1000 U/ml leukemia inhibitory factor 
(LIF, Chemicon) without MEFs. TS cells are derived and maintained in DMEM (DMEM, 
GIBCO-BRL), 20% of FBS, 0.1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 
0.055 mM -mercaptoethanol (GIBCO-BRL), 2 mg/ml of sodium heparin (Sigma), and 
20 ng/ml of recombinant FGF4 (Sigma) on mitomycin-C inactivated MEFs or in the 
presence of 70% of the MEF-conditioned medium. 
 
3.2 RNA extraction, realtime PCR and gene expression microarray 
Cells were rinsed twice in ice-cold PBS. Total RNA was extracted using Trizol 
(Invitrogen) and column-purified with the RNeasy kit (Qiagen, Valencia, CA). For 
standard TaqMan realtime PCR analysis, cDNA synthesis was performed with 1 g of 
total RNA at 37 °C for 2 h using the high capacity cDNA archive kit (Applied 
Biosystems, Foster City, CA) and subsequently diluted ten times. Endogenous mRNA 
levels of pluripotency and differentiation markers were measured with inventoried 
TaqMan probes using the ABI Prism 7900HT Sequence Detection System 2.2 (Applied 
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Biosystems). For global gene expression profiling, total RNA was analyzed using the 
MouseRef-8 v2 Expression BeadChip (Illumina) by Woon Chow Thai. 
 
3.3 Embryo collection and culture  
F1 (B6CBAF1) females were superovulated with 5 IU PMSG (Folligon, Sigma) followed 
48 hrs later by injection of 5 IU hCG (Chorulon, Sigma) and subsequently mated with 
CD-1 males. Twelve midnight of the night of mating was taken as day 0 of embryo 
development. Embryos were harvested from the appropriate parts of the female 
reproductive tract depending on the stage of embryonic development and collected into 
M2 medium. For extended culture embryo were paced in drops of KSOM medium under 
paraffin oil in 5% CO2 at 37°C.  
 
Dr Tong Guoqing (ex-post doctoral fellow in the lab) performed all the collections and 
gene expression profiling for the 802 transcription factor pooled embryo study, data of 
which I analyzed and utilized subsequently. For this 150 embryos were collected and 
pooled for each embryonic stage: metaphase II (MII), 2-cell, 4-cell, 8-cell, morula, E3.5 
blastocyst or E4.5 blastocyst stage. ICMs were harvested from E4.5 blastocysts by 
immunosurgery (Solter and Knowles, 1975). 
 
For my single cell study, individual embryos at eight stages were dissociated into single 
cells: 1-cell (1C), 2-cell (2C), 4-cell (4C), 8-cell (8C, uncompacted), 16-cell (16C, 
morula), approximately 24-cell stage (~24C, morula), approximately 32-cell (~32C, 
blastocyst), and approximately 64-cell (~64C, blastocyst). 1C embryos were collected at 
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E0.5 and treated with hyaluronidase to remove cumulus cells. 2C, 4C and 8C samples 
were from embryos collected at E1.5 and then subsequently cultured in KSOM to the 
respective stages. 16C, ~24C, ~32C and ~64C samples were from embryos collected at 
E2.5 (uncompacted 8C stage), cultured to the approximate stages, and then cell numbers 
confirmed by single cell counting after dissociation. Not all cells from all embryos were 
successfully harvested. Table 1 shows the analyzed cell numbers at different 
developmental stages. 
Developmental Stages Number of Embryos Number of Cells 
1C 9 9 
2C 10 19 
4C 6 23 
8C 6 44 
16C 5 75 
~32C 8 113 
~64C 7 159 
   
Outer cells labeled   
Developmental Stages Number of Embryos Number of Cells 
16C 4 35 
~24C 4 55 
~32C 3 44 
 
Table 1: Number of cells analyzed at different stages. Information about labelled cells is 
shown in red letters. 
 
3.4 Immunocytochemical staining 
Embryos were fixed in 2.5% PFA for 15 min at 37oC, washed through Triton (0.1% in 
PBS; 5 min), Triton (0.5% in PBS; 20min), Triton (0.1% in PBS; 5 min), and 
BSA/Tween (0.1% BSA and 0.01% Tween in PBS; 30 min). After incubation with the 
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primary antibody in BSA/Tween (60 min), embryos are washed through BSA/Tween 
(3x15min), and then incubated with the appropriate secondary antibody conjugated with 
Alexa Fluor 488 (Molecular Probes, Carlsbad, CA) for an additional hour. After washing 
in BSA/Tween (3x15 min), embryos were further passed through increasing 
concentration of mounting solution (25, 50 and 75%), and finally transferred into 100% 
mounting solution containing DAPI on the cover slip. Images were captured with a 
confocal microscope (LSM 510 META; Zeiss, Thornwood, NJ). 
 
3.5 Embryo treatment with specific pathway inhibitors 
For the cell adhesion and aPKC and MAPKs inhibition experiments, embryos were 
treated from 8-cell stage (E2.5) to ~16-cell stage (E3.0) and then analyzed as small pools 
of embryos. Relevant chemicals are as follows: EGTA (BD Bioscience); Cytochalasin D 
(Calbiochem); p38 inhibitors SB220025 (Calbiochem); MEK inhibitors PD98059 
(Biomol) and U0126 (Biomol); JNK inhibitor SP600125 (Biomol); PKC inhibitors 
Gö6983 (Calbiochem), Gö6976 (Calbiochem) and BIM (Calbiochem). For the FGF 
inhibition study, embryos were treated with 10M SU5402 (Calbiochem) from the ~16-
cell stage (E3.0) to the ~64-cell blastocyst stage (E4.0) and then analyzed as individual 
embryos. The expression patterns of these treated embryos were compared to vehicle 
controls (DMSO treated embryos). 
 
3.6 Gene expression profiling of pre-implantation embryos 
Total RNA was extracted from individual or pooled preimplantation mouse embryos 
using the PicoPure RNA isolation kit (Arcturus Bioscience). The entire RNA preparation 
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was used for cDNA synthesis at 37°C for 2 hrs using the high capacity cDNA archive kit 
(Applied Biosystems).  
 
For the large pool (150) of embryos, the cDNA was diluted with water and then mixed 
with equal volume of TaqMan Universal PCR Master Mix (Applied Biosystems) to make 
up a reaction mix with sufficient volume to load into 32 ports of the microfluidic cards. 
Into each port 100 ul reaction mix was loaded on the TaqMan Custom Arrays (Micro 
Fluidic Cards) and distributed by centrifugation into individual reaction chambers (total 
reaction volume of 2 ul) containing gene specific TaqMan probes. Real-time PCR was 
performed on ABI Prism 7900HT Sequence Detection System 2.2 (Applied Biosystems); 
and results are analyzed using SDS 2.2 software (Applied Biosystems).  
 
For single or a small pool of up to 5 embryos, one eighth of each cDNA preparation was 
preamplified using the TaqMan primers for genes of interest by 16 cycles of 
amplification (each cycle: 95°C for 15 Sec and 60°C for 4 min) using the TaqMan 
PreAmp Master Mix Kit (Applied Biosystems). These preamplified products were diluted 
5-fold before analysis. Realtime reactions (total reaction volume of 10 nl) were 
performed in technical triplicate with master mix (Applied Biosystems) in 48.48 
Dynamic Arrays on a BioMark System (Fluidigm). Threshold cycle (Ct) values were 
calculated from the system’s software (BioMark Real-time PCR Analysis) and used as a 
direct measure of gene expression or normalized to endogenous controls.  
 
3.7 Isolation of single cells from pre-implantation embryos 
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The zona pellucida was removed with acid tyrode’s solution. Zona-free mouse embryos 
were incubated in trypsin-EDTA for 10 min at 37°C and then transferred into PBS-FBS 
buffer. Single cells were manually collected by mouth pipette aided by a finely pulled 
glass tip. For some experiments outer cells were labeled with PKH26 (Red Fluorescent 
Cell Linker Mini Kit, Sigma) before segregation. Labeled single cells were inspected 
under a fluorescent microscope (Axio Observer D1, Zeiss) and then classified as “outer 
(bright)”, “inner (dark)” or “unknown (weak signal)” based on the extent of fluorescence. 
 
3.8 High throughput single cell qPCR 
The list of 48 Taqman assays used in our single cell analysis is shown in Table 2. Equal 
volumes of each inventoried TaqMan Gene Expression Assay (20X, Applied Biosystem) 
were pooled and then diluted using TE buffer so that each assay was at a final 
concentration of 0.2X. These pooled assays were for use in the preamplification step. 
Individual cells were harvested directly into the 10 µL RT-PreAmp Master Mix (5.0 µL 
CellsDirect 2X Reaction Mix (CellsDirect qRT-PCR kit, Invitrogen); 2.5 µL 0.2X Assay 
Pool; 0.5 µL RT/Taq Enzyme (CellsDirect qRT-PCR kit, Invitrogen); 2.0 µL TE buffer). 
The harvested single cell samples were immediately frozen and stored at -80°C. Cell lysis 
and sequence-specific reverse transcription were performed at 50°C for 20 min. The 
reverse transcriptase was inactivated by heating to 95°C for 2 min. Subsequently, in the 
same tube, cDNA went through sequence-specific amplification by denaturing at 95°C 
for 15 s, and annealing at 60°C for 4 min for 18 cycles. The pre-amplified products were 
diluted 5-fold and then analyzed by TaqMan PCR. Real-time reactions were performed 
with Universal PCR Master Mix and inventoried TaqMan gene expression assays 
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(Applied Biosystems) in 48.48 Dynamic Arrays on a BioMark System (Fluidigm). 
Threshold cycle (Ct) values were calculated from the system’s software (BioMark Real-








Actb Mm00607939_s1 actin, beta, cytoplasmic 
Ahcy Mm01742465_sH S-adenosylhomocysteine hydrolase 
Aqp3 Mm00507977_g1 aquaporin 3 
Atp12a Mm00446786_m1
ATPase, H+/K+ transporting, nongastric, 
alpha polypeptide 
Bmp4 Mm00432087_m1 bone morphogenetic protein 4 
Cdx2 Mm00432449_m1 caudal type homeo box 2 
Cebpa Mm00514283_s1 
CCAAT/enhancer binding protein 
(C/EBP), alpha 
Creb3l2 Mm00618366_m1
cAMP responsive element binding 
protein 3-like 2 
Dab2 Mm00517751_m1 disabled homolog 2 (Drosophila) 
Dppa1 Mm00626454_m1 developmental pluripotency associated 1 
Eomes Mm01351984_m1
eomesodermin homolog (Xenopus 
laevis) 
Esrrb Mm00442411_m1 estrogen related receptor, beta 
Fgf4 Mm00438917_m1 fibroblast growth factor 4 
Fgfr2 Mm00438941_m1 fibroblast growth factor receptor 2 




Gata3 Mm00484683_m1 GATA binding protein 3 
Gata4 Mm00484689_m1 GATA binding protein 4 
Gata6 Mm00802636_m1 GATA binding protein 6 
Grhl1 Mm00521433_m1 grainyhead-like 1 (Drosophila) 
Grhl2 Mm00518236_m1 grainyhead-like 2 (Drosophila) 
Hand1 Mm00433931_m1
heart and neural crest derivatives 
expressed transcript 1 
Hnf4a Mm00433964_m1 hepatic nuclear factor 4, alpha 











Klf2 Mm00500486_g1 Kruppel-like factor 2 (lung) 
Klf4 Mm00516104_m1 Kruppel-like factor 4 (gut) 
Klf5 Mm00456521_m1 Kruppel-like factor 5 
Krt8 Mm00835759_m1 keratin 8 
Lcp1 Mm00786153_s1 lymphocyte cytosolic protein 1 
Mbnl3 Mm00519596_m1 muscleblind-like 3 (Drosophila) 
Msc Mm00447887_m1 musculin 
Msx2 Mm00442992_m1 homeo box, msh-like 2 
Nanog Mm02019550_s1 Nanog homeobox 
Pdgfa Mm01205760_m1 platelet derived growth factor, alpha 
Pdgfra Mm01211694_m1
platelet derived growth factor receptor, 
alpha polypeptide 
Pecam1 Mm00476702_m1
platelet/endothelial cell adhesion 
molecule 1 
Pou5f1 Mm00658129_gH 
POU domain, class 5, transcription factor 
1 
Runx1 Mm01213405_m1 runt related transcription factor 1 
Sall4 Mm00453037_s1 sal-like 4 (Drosophila) 
Snai1 Mm00441533_g1 snail homolog 1 (Drosophila) 
Sox13 Mm00488352_m1 SRY-box containing gene 13 
Sox17 Mm00488363_m1 SRY-box containing gene 17 
Sox2 Mm03053810_S1 SRY-box containing gene 2 
Tcf23 Mm00453545_m1 transcription factor 23 
Tcfap2a Mm01337628_m1 transcription factor AP-2, alpha 
Tcfap2c Mm00493474_m1 transcription factor AP-2, gamma 
Tspan8 Mm00524563_m1 tetraspanin 8 
Utf1 Mm00447703_g1 
undifferentiated embryonic cell 
transcription factor 1 
 
Table 2: List of the 48 Taqman gene expression assays used in the sing cell gene 
expression analysis. 
 
3.9 Blastocyst RNA titration series 
A blastocyst RNA titration experiment was done to validate the efficiency of the 48 
assays as well as the single cell protocol (Figure 3.1). Total RNA was extracted from a 
pool of five E3.5 mouse blastocysts using the PicoPure RNA isolation kit (Arcturus 
Bioscience). 10% of the recovered RNA went through a serial 1:2 dilution 24 times in the 
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RT-PreAmp Master Mix (using the same assay pool as in the single cell analysis). The 
amounts of target mRNAs were quantitated by following the single cell one step qPCR 
protocol. Theoretically, a plot of measured Ct value against the dilution should show a 
linearly rising phase with a slope corresponding to PCR efficiency (=1 in the idealized 
case), until there is no detectable mRNA in the sample. In practice, some genes show 
noisy background due to nonspecific amplification likely resulting from pooling 48 
assays for the preamplification step. To estimate this background, we observe where the 
linear trend ends (by checking at what point the slope of the curve goes below a threshold 
of 0.5) and take the median of the remaining values to be the Ct background value. The 
vast majority of assays give an appropriate value representative of a true no target 
background on the BioMark system (Ct=27-28) but a few genes (notably Cdx2, Gata3, 
and Tcfap2c) give noisy/high background reads of Ct=21-23. Thus for these three genes I 
may miss real, lower expression values that fall below this high background but relative 
changes in expression with Ct values lower than 21 would remain accurate. 
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 Figure 3.1: Blastocyst RNA titration series and background determination. A serial 
dilution was performed with blastocyst RNA. Measured Ct values for individual genes 
are plotted against Log2 dilution times. The red line estimates the background for 






3.10 Single cell data processing 
All Ct values obtained from the BioMark System (Fluidigm) were converted into relative 
expression levels by subtracting the values from the assumed baseline value of 28 (for 
Figure 4.13 and  raw values were subtracted by gene-specific Ct backgrounds estimated 
from a whole-blastocyst dilution series as described in the Figure 3.1). The resulting 
values were at times normalized to the endogenous control by subtracting, for each cell, 
the average of its Actb and Gapdh expression levels. As the Ct scale is logarithmic (a 
difference of one Ct corresponds to a doubling of measured transcript), a subtraction of 
the average of two genes on this scale corresponds to taking the geometric mean on a 
linear scale. Data shown in Figure 4.4-4.9, Figure 4.11, Figure 4.15-4.18 and Figure 4.19 
have been normalized against endogenous controls. 
 
3.11 Single cell data visualization 
Dr Erik Mikael Huss (post doctoral fellow in Neil Clarke’s Lab) did all the data 
visualization work using R commands. Principal component analysis was performed 
using the svd command in R (www.r-project.org) on ~64C expression data, normalized 
against endogenous controls as above, from which the mean expression levels for each 
gene had been subtracted. For projections of data from other developmental stages onto 
the ~64C principal components, the ~64C means were subtracted from the expression 
data for consistency. The star command in R was used for simultaneously visualizing the 
expression levels of multiple transcription factors. Here, to facilitate comparisons, 
expression levels were converted to a gene-specific scale where the lowest expression 
level of the gene at ~64C corresponds to 0 and the highest expression level at ~64C 
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corresponds to 1. Thus, the radii of the “pies” in Figure 3B and 5C can be compared 
across cells (and time points). For constructing Figure 3B, Figure 5A-D, Figure 6A and 
Figure 7A, principal component analysis was used to classify cells into hypothetical cell 
types. At the ~64C stage, the cells are classified as TE, PE, EPI or uncertain, while at the 
~32C stage, they are classified as TE, ICM or uncertain. For the ~64C stage, cells with a 
PC1 score below 0 were classified as TE, cells with PC1 score >=10 and a PC2 score 
>=10 were classified as EPI, and cells with PC1 score >=10 and PC2 score < -5 were 
classified as PE; cells fulfilling none of these criteria were classified as uncertain. For the 
~32C stage, cells with a PC1 score <0 were classified as TE, cells with PC1 score >=10 
classified as ICM, and the remainder were considered to be uncertain. 
 
3.12 mRNA copy count in single cells 
Target cDNA was prepared from single cell lysate using sequence specific RT with 
pooled TaqMan primers and SuperScript III Reverse Transcriptase (Invitrogen). 1/7th of 
the total cDNA preparation was analyzed for one particular gene on the BioMark Digial 
Array (Fluidigm). This system divides each loaded sample/TaqMan assay mix into 765 
reaction wells and is equivalent to a limiting dilution assay. The number of copies of a 
specific transcript in the original mRNA sample can then be estimated by counting the 








4.1 Identification of candidate transcription factors for single cell analysis 
My single cell technology allows for analysis of 48 genes in parallel from individual 
samples. Thus, the choice of genes to analyze is crucial to the success of this study. We 
first generated a high-quality database containing the preimplantation expression 
dynamics of a comprehensive set of transcription factors. This work was carried out by 
Dr. Tong Guoqing, a previous post doctoral fellow in the lab. I include it in my thesis as I 
was involved in the data analysis of this work and the data set was essential to the 
selection of genes I later used in the single cell studies. To select transcription factors to 
profile by TaqMan real time PCR 131,845 expressed sequence tags (ESTs) derived from 
preimplantation embryos at NCBI were first mined for the presence of transcription 
factors. Of the 2,348 predicted transcription factors encoded in the mouse genome 
(Panther data base), 885 (38%) had at least one EST detected pointing towards the 
transcriptional complexity of this rather brief period in development. Of the 885 
expressed transcription factors, 722 had TaqMan assays commercially available. This 
was a requirement of the low density array system used in this initial study. The 
transcription factor gene list was further expanded by analyzing EST libraries generated 
from ES cells and TS cells, two of the cell lines derived from the blastocyst (Evans et al., 
1981; Tanaka et al., 1998). The most abundant ESTs found in these cell lines but not 
found in the preimplantation libraries were added to this list to yield a total of 802 
transcription factors (TFs). 
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Tong Guoqing next generated TaqMan realtime PCR expression data for these 802 TFs at 
seven developmental time points (oocyte, 2-cell, 4-cell, 8-cell, morula, E3.5 blastocyst, 
and E4.5 blastocyst). At each time point, eight individual embryos were analyzed. In 
addition, immunosurgery was used to isolate an embryo-equivalent number of ICMs from 
E4.5 blastocysts. The data (deposited in the MGI Gene Expression Database, accession 
number J: 140465) provide comprehensive gene expression dynamics through 
preimplantation development in addition to providing cell-type specific expression (TE 
vs EPI/PE) within the blastocyst. Of the 802 transcription factors, 616 (77%) had robust 
expression estimated at >300 mRNA molecules per embryo equivalent in at least one of 
the seven developmental time points. Only 39 genes (4.9%) had undetectable expression, 
indicating the utility of EST-based gene selection method. 
 
Whole blastocyst versus ICM comparisons provides information about gene expression 
specificity in TE or EPI/PE. A validation of this in the data set is seen with known TE 
markers (Strumpf et al., 2005; Winger et al., 2006) as, out of the 802 gene set, Cdx2 had 
the highest TE-specificity score, while Tcfap2a ranked third (Figure 4.1). Though not in 
the top 12 ICM-specific genes, the PE marker Gata4 and EPI marker Oct4 (Kaji et al., 
2007; Schöler et al., 1989) are both specific to ICM according to the histogram. Beyond 
these known markers, these data provide an abundance of information on transcription 
factors previously not reported in the literature as having preimplantation embryo 
expression. Immunofluorescence detection of Gata3, Cebpa, and Id2 confirmed the TE-
specificity at the protein level for some of these novel markers (Figure 4.2). 
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 Figure 4.1(By Tong Guoqing): Histogram of TE specificity of different genes in the E4.5 
blastocyst. The specificity for each gene is measured by the Ct difference between E4.5 
whole embryos and E4.5 ICMs (CtICM- CtBlastocyst). The gene list has been filtered by a 
maximum Ct of 32 to ensure robust expression. The frequency density of expression 
levels is plotted in the histogram. Top 12 TE-specific genes and bottom 12 genes are 
listed. 
 
Figure 4.2 (By Tong Guoqing): Immunostaining of TE specific transcription factors in 
the blastocyst. Confocal sections showing that immunostaining of Cdx2, Gata3, Id2 and 
Cebpa proteins are specific to trophectoderm in the blastocyst. 
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 Figure 4.3: Expression dynamics of lineage specific transcription factors in whole 
embryos. Y-axis represent the Log2 expression value above a background of Ct=34. 
Genes in the upper panel are TE specific genes defined by realtime analysis (Figure 4.1); 
genes in the middle are know PE specific markers; genes in the lower panel are 
characterized pluripotent markers in ES cells. 
 
With this temporal and spatial expression data, it was then possible to look at gene 
expression dynamics during the differentiation of totipotent zygote to the three distinct 
blastocyst cell types. At least three distinct developmental expression patterns emerge for 
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TE-specific TFs (Figure 4.3). For example Tcfap2c is abundant throughout 
preimplantation development with little change in whole embryo expression levels, as has 
been shown before (Winger et al., 2006). Cdx2 and Gata3 have virtually identical 
expression patterns, both initially being detected at the 8-cell stage and increasing 
thereafter whereas the expression of Id2, Gata2, and Tcfap2a are very low to 
undetectable through to the morula, only becoming detectable within the blastocyst. 
 
Although this comparative analysis of whole blastocysts and ICM cannot differentiate 
between the ICM cell types PE and EPI, it was possible to assign ICM-restricted genes as 
probable EPI or PE markers based on single cell microarray data generated from the ICM 
(Kurimoto et al., 2006). PE-specific genes defined in this way revealed complex and 
varied expression dynamics through preimplantation development, similar to that noted 
for the TE (Figure 4.3). Two TFs that are classic markers of PE, Gata6 and Gata4, 
showed robust expression much earlier than what is usually considered to be the onset of 
PE formation. There were abundant maternally-derived transcripts of Gata4 which 
disappeared over time reaching a low at the E3.5 blastocyst followed by a robust zygotic 
activation from E3.5 to E4.5. Although there were no detectable levels of maternally-
derived Gata6, zygotic activation was evident by the 4-cell stage with robust expression 
by the 8-cell stage. The expression dynamics of Sox17 and Creb3l2 were virtually 
identical, with zygotic activation in the morula-to-blastocyst transition. For the known ES 
cell pluripotent markers, as has been previously reported by my lab (Jiang et al., 2008; 
Zhang et al., 2006), Sall4 paralleled Oct4 expression and Klf2 paralleled Klf4 during the 
differentiation of totipotent cells (Figure 4.3). 
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4.2 Single cell expression profiling 
This initial data expanded the known repertoire of cell type specific TFs in the blastocyst 
and hinted at the complex transcriptional dynamics that led to this expression. These data, 
however, were generated from pools of cells and, as cell fate decisions are made by 
individual cells, this averaged expression may mask interesting single cell dynamics. 
Thus the major focus of my thesis work was to first establish a protocol for single cell 
gene expression analysis and apply it to the mouse preimplantation embryo. In doing so, 
it was essential to profile multiple genes in parallel to capture cell identity based on the 
expression of specific sets of TFs rather than just one or two. From the initial data it was 
already established that TFs that are cell-type specific by the ~64 cell blastocyst stage 
show quite different transcriptional time profiles during development and so restricting 
the subsequent analysis to a handful of genes would likely be misleading. Thus, I used 
48.48 Dynamic Array chips (Fluidigm) which allow quantitative analysis of 48 genes in 
parallel at the single cell level. The analysis involved the manual separation of single 
blastomeres/cell, followed by lysis, cDNA synthesis, and sequence-specific 
preamplification in a single tube, and quantitation of gene expression using TaqMan real 
time PCR on the BioMark system (Fluidigm).  
 
Crucial to the success of this was the selection of genes to profile. I primarily focused on 
TFs contained within the initial screen under the assumption that these are likely drivers 
of cellular fate. The remaining genes were selected based on known differential 
expression within the blastocyst, or because of known function in early development, or 
both. The final 48 genes (Table 2), including 27 transcription factors, were selected from 
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129 genes that I initially tested in this system for their ability to be detected in individual 
cells of the blastocyst. One potential problem with the preamplification step, which 
involves the pooling of all primer-probe sets for the 48 genes, in my protocol is that there 
may be unexpected cross-hybridization between different primers. Thus I did a blastocyst 
RNA titration series to further validate the efficiency of the 48 assays as well as my single 
cell protocol (Figure 3.1). For all the robustly expressed genes in the whole blastocyst 
(E3.5), there was a linear relationship between the dilution times and the Log2 expression 
level readout (Ct). 
 
Having established a robust methodology for single cell gene expression and derived a 
list of 48 genes highly enriched in developmental regulators that I had tested in this 
protocol, I next set out to apply it to individual cells of the mouse preimplantation 
embryo. The analyzed cell numbers for each developmental stage are summerized in 
Table 1 in the method chapter (Chapter 3). Approximately 10% of cells analyzed failed to 
generate robust gene expression based on two most commonly used endogenous control 
(Actb and Gapdh) expression levels and were removed from the original data set prior to 
subsequent analysis.  I did successfully apply this 48 gene assay set on a total of 442 
single cells, obtained at different stages of development from zygote through blastocyst. 
The quality of the data generated is apparent from the biological reproducibility among 
cells obtained from ~64-celled blastocysts. Hierarchical clustering of the expression 
profiles from the 159 cells obtained from ~64-cell blastocysts unequivocally reveals the 
three cell types known to exist at this stage (Figure 4.4). Ninety five cells (60%) were 
highly enriched in TE-specific markers such as Cdx2, Eomes, and Krt8. Forty cells (25%) 
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were specifically enriched in the PE markers Gata4 and Pdgfra, and eighteen cells (11%) 
were specifically enriched in EPI-restricted genes including Nanog, Sox2, Fgf4, and Klf2. 
Interestingly, a small set of five cells expressed some markers of both EPI and PE, 
suggesting that these cells are at an earlier stage of development. Indeed, all five cells 
came from the same blastocyst, implying that the blastocyst was harvested slightly earlier 
in development than the other blastocysts that contributed to the 64-cell dataset. Only one 
of the 159 cells obtained from ~64-cell embryos appeared truly anomalous, not closely 
aligning to any of the three cell types. 
 
Figure 4.4: A heat map of expression levels of 48 genes in 159 cells assayed at the ~64-




To better visualize the data, Dr Erik Mikael Huss from Neil Clarke’s Lab introduced 
principal component analysis (PCA). I have been working closely with him in the 
subsequent single cell data analysis. PCA takes data points in a high dimensional space 
and defines new axes (components) that cut across that space such that the first 
component captures as much of the variance in the data as possible, the second 
component (orthogonal to the first) captures as much of the remaining variance, and so 
on. Here, the data points are cells, and the space is 48-dimensional (48 genes), with the 
coordinate in each dimension being the normalized gene expression value for a given 
gene in that cell. Because the components cut across this 48D space, each component has 
contributions from all of the 48 genes. Applied to the expression data derived from the 
159 cells of the ~64-celled embryos, it is evident that the first principal component (PC1) 
explains 58.6% of the observed variance while the second principal component (PC2) 
explains 13.5%.  Nanog, and PE, characterized by Gata4) can be distinguished from one 
another along the PC2 axis. Note that cells were not identified based on their position in 
the embryo but instead are defined based on key features of their expression pattern. 
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 Figure 4.5: Principal component (PC) projections of the 159 ~64-cell stage cells. 
Trophectoderm (TE), primitive endoderm (PE), epiblast (EPI). 
 
Because PCA components consist of contributions from all 48 genes, it is possible to 
identify the most information-rich genes in classifying the three cell types at the 64-cell 
stage (Figure 4.6). By this criterion Id2, Dppa1, Tspan8, and Krt8 are the most specific 
markers of the TE. For the EPI it is Fgf4, Bmp4, Sox2, Nanog and Klf2 and for PE, Gata4, 
Pdgfra, and Creb3l2. Other genes are characteristic of two of the cell types, but absent or 
poorly expressed in the third. For example, the archetypal pluripotent transcription factor 
Pou5f1/Oct4, though enriched in the ICM, does not differentiate between the EPI and PE 
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lineages as it is equally expressed in these cell types. Similarly, genes such as Gata6, 
Fgfr2 and Dab2 are not expressed in the EPI lineage, but are highly expressed in both TE 
and PE lineages. These expression patterns are reflected in the intermediate positions that 
these TFs assume in the PCA projection (Figure 4.6). 
 
Figure 4.6: PC projections of the 48 genes, showing the contribution of each gene to the 
first two PCs. The first PC can be interpreted as discriminating between TE and ICM; the 
second between PE and EPI. The position of endogenous control genes Actb (blue) and 




4.3 Dynamic gene expression pattern through preimplantation development 
4.3.1 Single cell developmental heatmap 
An important goal for this study is to look at the dynamic expression of different genes in 
individual cells at different developmental stages. Hierarchical clustering of single cell 
expression profiles at each developmental stage provides a snap shot of the general 
cellular differentiation pattern. As can be seen in Figure 4.7A-F, ~32-cell stage single 
cells are mainly classified into two groups, TE and ICM, the difference within the ICM 
cell population is less clear than at the ~64-cell stage. The clustering heatmap at all 
earlier stages does not show any significant distinction between cells within a particular 














Figure 4.7A-F: Expression level heat maps of 48 genes in all assayed single cells from 1-
cell to ~64-cell stage embryos. Gene expression levels are normalized by Actb and 
Gapdh. White: high expression. Red: low expression. 
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4.3.2 Cellular differentiation dynamics 
To visualize the changes that occur during the differentiation of the totipotent cells, the 
expression patterns of cells from the totipotent zygote through to the ~32-cell stage were 
projected onto the first two PCs computed for the ~64-cell stage data (Figure 4.8 and 
4.9). Cellular differentiation is thought to initiate after compaction and polarization 
events occurring in the late 8-cell stage (Johnson, 2004). Consistent with this idea, there 
was no distinguishing characteristic among individual cells at the 2-, 4-, or 8-cell stages 
(Figure 4.8). However, significant changes can be observed in the projections from 
uncompacted 8-cell stage through to the ~64-cell stage (Figure 4.9). Each of the three cell 
divisions represented on this projection contributes to the three cell types that can be 
discerned at ~64 cells. In the 8 to 16 cells transition, the cells become more heterogenous 
(more distributed along PC1) and, as a group, move closer to the TE lineage. By the ~32 
cell stage, most of the cells are either TE-like or resemble one of the ICM cell types, but 
cell identity in the ICM is not fully resolved. By ~64-cell, essentially all cells are well-





Figure 4.8: Gene expression profiles for single cells at the 1-, 2-, 4-and 8-cell stages 
projected onto the first two principal components of the ~64-cell stage data in Figure 4.5. 
Although the expression patterns of the 1-cell stage embryos are slightly different, due to 
abundant maternal transcripts (see the developmental profiles of Dppa1 and Id2 in Figure 
4.10 for example), there are no significant variations in terms of lineage divergence 






Figure 4.9: Gene expression profiles for single cells at the 8-, 16-, ~32- and ~64-cell 
stages projected onto the first two principal components of the ~64-cell stage data in 
Figure 4.5. Note that TE and ICM cells are fully segregated at ~32-cell stage, while EPI 










4.3.3 Developmental profiles of individual genes 
The box plot provides a useful presentation of the expression pattern of a particular gene 
at different developmental stages (Fig 4.10). It shows not only the expression change 
across time points, but also the variation of the gene expression within different single 
cells from the same stage. For the ~32-cell stage, cells were classified into ICM, TE or 
uncertain lineage, and for the ~64-cell stage cells were classified as EPI, PE, TE or 
uncertain as measured by PCA. Cells classified as “uncertain” are not shown. As can be 
seen in the 48 panels of the figure, all genes show dynamic expression patterns through 
development, including the endogenous control Acb and Gapdh. Notably, the expression 
level of Actb appears to be higher in the TE cells than in the ICM. The expression levels 
of Pou5f1, Sall4 and Tcfap2c appear to be tightly controlled through development with 
little variation within between individual cells of a particular stage. However, the 
expression level of Nanog appears to show strong variations even within the same cell 








Figure 4.10A-B: Profiles of individual genes through preimplantation development. Box 
plots across different developmental stages present the progressive restriction of specific 
markers. For the ~32-cell stage, cells were classified into ICM, TE or uncertain lineage, 
and for the ~64-cell stage cells were classified as EPI, PE, TE or uncertain as measured 
by PCA. Cells classified as “uncertain” are not shown. For other stages, the complete 
data are shown together. The red line indicates the estimated amplification background 
for that particular gene (see Figure 3.1). The boxed region represents the middle 50% of 
expression values, the black bar the median, and the whiskers the extreme values.  
 
4.3.4 Stage specific principle components 
To potentially identify the earliest molecular events in blastocyst cell fate decisions 
systematic variations within the data obtained from different stages were next looked for 
(Figure 4.11). As described before, the first two PCs explain most of the variation within 
the ~64 cell single cell data. However at ~32 cell stage, the second PC explains only 
5.7% of the total variation, suggesting less significant segregation of PE/EPI. However 
the genes contributing most to the second PC at this stage include Fgf4, Gata4 and Fgfr2, 
suggesting a potential role for these genes during PE/EPI segregation. Interestingly, the 
first PC at the 16-cell stage gives credit to Id2, while in the first PC at the 8-cell stage 
Mbnl3 stands out. Both genes are highly specific to the trophectoderm. Their potential 





 Figure 4.11A-B: Principal component analysis of single cell data for different 
developmental stages. The explained variances (e.v.) are given for each of the first two 
principal components. 
 
4.3.5 Expression level distribution 
This high-quality set of qPCR data for 48 genes from different developmental stages 
allows the examination of the variability in gene expression and dissect out the 
systematic variations that are possibly related to lineage specification. Cell to cell 
difference that I see in my data should include at least two parts of variations: One part is 
caused by transcriptional noise; while another part may be functionally meaningful. I 
hypothesize that, in the distribution map of single gene expression values, transcriptional 
noise around a reference expression level should appear as one smeared peak. If more 
than one peak exists, it could be an indication of different noisy expression modes. In 
these data, I observed several instances of bi- or tri- modal expression distributions. This 
is particularly common in the ~64-cell blastocyst, where different cell lineages are 
segregated.  
 
Figure 4.12 shows violin plots of expression levels of a selection of genes in single cells 
at three different time points. A violin plot is a type of density plot which can reveal 
multimodality in data. From the upper panel for the ~64-cell stage data, the endogenous 
control genes (Actb and Gapdh) have unimodal distributions with high means and low 
variances, as expected. The other selected genes all show bi- or tri- modal distributions. 
Sox2, for example, has three density peaks (one of them at zero expression) at the ~64-
cell stage; these correspond to the EPI, PE and TE populations, respectively. At the ~32-
 78
cell stage, Sox2 can still be considered to have trimodal distributions, but at the 16-cell 
stage, Sox2 is bimodal. By contrast, Id2 is bimodal already at the 16-cell stage, and 
remain so through the ~64-cell stage. Klf2 changes from a unimodal distribution at the 
16-cell stage to a trimodal distribution at the ~64-cell stage. 
 
Figure 4.12: Distribution of gene expression levels in single cells. Violin plots are 
computed using kernel density estimation. The Y- axis represents different expression 
levels; the X-axis represents the density of data at different values. 
 
4.4 Poised state of 16-cell blastomeres 
 The 16-cell embryo is especially interesting because it is poised one cell division away 
from differentiation into TE and ICM, and just two divisions away from differentiation 
into TE, PE and EPI. As already noted, the three cell types found in the ~64 cell embryos 
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are characterized by high expression of distinct sets of transcription factors.  
Interestingly, many of the transcription factors that subsequently become cell-type 
restricted in the later blastocyst are abundantly expressed at the 16-cell morula stage 
including those characteristic of TE (Cdx2, Gata3), EPI (Nanog, Klf2), EPI and PE 
(Pou5f1), and of PE (Gata6). 
 
Figure 4.13: Expression levels from 8-cell through to the ~64-cell stage for six lineage 
specific transcription factors – Klf2/Nanog (EPI), Cdx2/Gata3 (TE), and Gata4/Gata6 
(PE) – are plotted as “slices” of “pies” representing individual cells. The radius of a slice 
reflects the expression level of the transcription factor. The cells from the ~32-cell stage 
and the ~64-cell stage are sub-divided into TE and ICM or TE, EPI, and PE based on 
their projected positions in Figure 4.9 Gene expression levels are background-subtracted 




In the absence of single cell analysis, the co-expression of these six transcription factors 
could have been attributed to their expression in different cells, implying early 
differentiation. However, my single cell approach revealed co-expression of these six 
transcription factors at robust levels in individual 16-cell blastomeres. The expression 
levels of these genes in individual cells are comparable to what is later found in the 
lineage restricted ~64-cell stage (Figure 4.13). The high transcript levels in 16-cell 
blastomeres cannot be accounted for by maternal transcripts as there is substantial zygotic 
activation of transcription before the 16-cell stage (Figure 4.10). This robust, pan-
blastomere expression is also seen for other transcription factors that are subsequently 
lineage restricted, including Esrrb, Klf4, Runx1, Snai1, and Grhl2 (Figure 4.10). 
Moreover, I further confirmed the copy numbers of the co-localized Gata3, Gata6 and 
Nanog mRNA within additional 16-cell single cells via Fluidigm digital PCR (Figure 
4.14). These data are consistent with recent reports describing co-localization of Nanog 
with Cdx2 and Gata6 (Dietrich et al., 2007; Plusa et al., 2008). Thus, individual cells in 
16-cell embryos express high levels of numerous transcription factors that subsequently 
become lineage restricted within one or two cell divisions. I describe the state of cells in 
the 16-cell embryo as being poised for differentiation. 
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 Figure 4.14: mRNA copy number verification by digital PCR. (A) Copy numbers of 
Gata3, Gata6 and Nanog mRNAs co-localized within 16-cell stage single cells as 
determined through digital arrays. (B) Examples of Digital Array raw data. The Digital 
Array (Fluidigm) works by apportioning a single sample, in this case 1/7th the total cDNA 
from a single 16-cell blastomere prepared in a TaqMan reaction, into 765 individual 6 nL 
reaction wells (i.e. a limiting dilution). End-point determination of the number of positive 
wells determines the total number of molecules in the original sample (at this dilution a 
positive well indicates the detection of a single cDNA molecule). 
 
4.5 Earliest differences during TE/ICM segregation 
In order to look for the earliest differences during TE/ICM segregation, I began further 
analyzing the data generated from single cells from 16-cell and 32-cell embryos. Cells 
from the latter were classified as ICM or TE based on their PCA projections, and the 
gene expression changes from 16-cell embryos to each of these cell types was 
determined. Among transcription factors, Id2 and Sox2 stood out for their exceptionally 
strong induction from the 16-cell to 32-cell stage, with Id2 induction occurring in nascent 
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TE cells and Sox2 in nascent ICM cells (Figure 4.15A).  Thus, these two genes may be 
the earliest outer versus inner cell markers in my 48-gene set. 
 
Figure 4.15: Earliest difference during TE/ICM segregation. (A) The average fold change 
in expression between the 16-cell stage and either the ICM or TE cells of the 32-cell 
stage plotted against ICM/TE specificity. The average fold change was computed using 
either the TE or ICM ~32-cell average depending on which was higher. The ICM/TE 
specificity is measured by each gene’s contribution to PC1 (Figure 4.5). (B) Id2 and Sox2 
expression levels vary across the 16-cell stage population and are negatively correlated. 
The 16-cell stage cells on the x axis are sorted according to their projection score for PC1 
(based on the expression of 48 genes), so that TE-like cells are on the far left and ICM-
like cells are on the far right. The traces represent moving averages of the given gene’s 
expression level in overlapping windows of twenty cells. Expression levels are given 
relative to endogenous controls. Coloured bars marked “TE” and “ICM” show the 
average expression levels in ~32-cell stage TE and ICM, respectively.  
 
I looked for evidence of even earlier up-regulation of Id2 and Sox2 in different cells in 
16-cell embryos, which is the first stage to have inside and outside cells. To that end, we 
plotted the expression of these two genes, and others, across the set of individual 16-cell 
blastomeres, sorting the cells based on their position along the PC1 axis (Figure 4.15B).  
Although TE and ICM cell types are not resolved at the 16-cell stage, some cells are a bit 
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closer to PE on the PCA projection and some are a bit closer to ICM. Cells towards the 
extremes may reflect greater maturity. Interestingly, this analysis revealed an inverse 
correlation like that seen with 32-cell embryos, with Sox2 highest in the most ICM-like 
cells and Id2 highest in the most TE-like cells (Figure 4.15B). This suggests that, in later 
16-cell embryos, Sox2 and Id2 expression differences exist between inner cells (destined 
to be ICM) and outer cells (destined to be TE). However the single cell expression data 
used to this point contained no real information on embryonic location. The assumption 
was that Sox2-positive cells became ICM, but the crucial question of what comes first - 
ifferential gene expression or positional allocation - remained unanswered. d
 
To address this, I labeled intact embryos with a general cell membrane labeling 
fluorescent dye (PKH26) prior to dissociation and collection of single cells. This allows 
for the specific marking of outside cells based on an increased fluorescence. In addition, I 
aimed to capture embryos in transition from the 16-cell to the 32-cell stage and thus 
harvested embryos within such a time frame. Individual cells harvested from 16-cell, 
~24-cell, and ~32-cell embryos were analysed with the 48 gene set and classified as high 
fluorescence (outer cells) or low fluorescence (inner cells). This analysis confirmed that 
indeed the Id2/Sox2 expression was the earliest differential marker of outer versus inner 
cells at the 16-cell stage among all 48 genes (Figure 4.16). Notably, ICM markers such as 
Nanog, Esrrb, Klf2, and Klf4 are initially expressed equivalently in all 16-cell stage 
single cells but then gradually become correlated with the inner cell position and 
eventually show high specificity to the 32-cell ICM. This result clearly indicated that 
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within the morula positional allocation preceded differential mRNA levels for most 
genes. 
 
Figure 4.16: Expression fold difference (log2 value) between the labeled outer single 
itation. Error bars correspond to 
standard deviation in all measured single cell samples. 
cells and inner single cells through blastocyst cav
 
4.6 Earliest differences during EPI/PE segregation 
To this point, I have described the poised state of the 16-cell embryo, as revealed by 
single-cell analysis, and have shown the initial molecular difference between inner and 
outer single cells that regulates TE/ICM lineage segregation. I return now to the original 
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single cell data to identify the earliest differences that may lead to EPI/PE segregation 
later in development. I presume that these would be evident in cells classified as ICM 
along PC1 (Figure 4.9) in the transition from the ~32-cell to the ~64-cell blastocyst. To 
that end, the correlation in gene expression was calculated for each of the 1,035 pairs of 
genes (excluding ActB and Gapdh, which are used for normalization, 46*45/2) using the 
50 ICM cells in the ~32-cell data set and, separately, the 55 ICM cells in the ~64-cell data 
set. The earliest previously defined markers capable of differentiating the EPI from the 
PE were Nanog (EPI) versus Gata4 and Gata6 (PE), detected by immunoflurescence 
detection of their proteins (Chazaud et al., 2006; Plusa et al., 2008). Consistent with this 
observation, Nanog/Gata4 and Nanog/Gata6 gene expression levels are inversely 
correlated in 64-cell ICM cells. The inverse correlation is strong because the cell types 
are well resolved by this point. However, there is only insignificant or weak correlations 
between these pairs at the 32-cell stage (Table 3), suggesting that differences in the 
expression of these genes plays little role in cell identity at this stage. However, other 
gene pairs show stronger inverse correlations within single cells. Interestingly, the gene 
pair with the strongest inverse correlation among the 32-cell ICM cells encodes the 
ligand/receptor pair Fgf4/Fgfr2 (Table 3). This inverse correlation is apparently 
established by a decrease in Fgfr2 (robustly expressed at the 16-cell stage) and an 
increase of Fgf4 (low at the 16-cell stage) in a sub-population of 32-cell ICM cells 
(Figure 4.17-4.19 and Figure 9). 
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 Table 3: The top three inversely correlated genes within the ~32-cell and ~64-cell stage 
ICM with their correlation scores. Also included, are the scores for genes previously 
described to be inversely correlated. 
 
 
Figure 4.17: Box plots of expression level distributions across developmental stages and 
(for the last two stages) predicted cell types for Fgf4 and Fgfr2. Each developmental 
stage is shown in a separate colour. The boxed region represents the middle 50% of 
expression values, the black bar the median, and the “whiskers” the extreme values. 
Values considered outliers are represented by a circle. A background of Ct=28 was used 
to obtain an absolute expression level.  
 
By the ~64-cell stage Fgf4 expression is characteristic of EPI cells and Fgfr2 of PE cells 
(Figure 4.17-4.19). This apparent early marking by Fgf4/Fgfr2 of cells destined to be EPI 
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or PE precedes the cell-type specific expression of Gata4/6 and Nanog. The PE-
specificity of Gata4 is achieved by robust activation of expression in a sub-population of 
ICM cells in transition from the 32-cell to the 64-cell stage while Gata6 is abundantly 
expressed in 16-cell blastomeres and 32-cell ICM cells (Figure 4,17 and 4.19) but then 
down-regulated in transition to the 64-cell EPI population. The EPI-specific TFs Nanog 
and Sox2 are also late markers of PE/EPI differentiation, being expressed relatively 
uniformly in the 32-cell ICM and then down-regulated in the 64-cell PE. In the five 
transitional cells that I noted earlier, which seem to come from an early ~64 stage 
embryo, one of the characteristics is low level expression of Nanog (typical of ~64 cell 
PE) and high level expression of Sox2 (typical of ~32 cell ICM), suggesting that Nanog 




Figure 4.18: Expression levels of EPI- and PE-associated signalling molecules and 




 Figure 4.19: Variation of EPI- and PE-associated genes across ICM cells at the ~32-cell 
and ~64-cell stages. On the x axis, cells from both stages (~32C, red; ~64C, green) are 
sorted according to their projection score to PC2 (Figure 4.5; based on the expression of 
48 genes). The traces represent moving averages of the given gene’s expression level in 
overlapping windows of twenty cells. Expression levels are given relative to endogenous 
controls. The two vertical red lines capture the transitional cells. Coloured side bars mark 
the average expression levels in 16-cell stage blastomeres. 
 
4.7 Disruption of cell adhesion 
Notable from the PCA, with respect to the 16-cell blastomeres as a group, was a shift 
towards the TE position and away from the position occupied by 8-cell blastomeres. Both 
the single cell and the whole embryo realtime PCR data suggest that the expression of 
Gata3 and Cdx2 are significantly activated during the transition from the uncompacted 8-
cell to the morula, which is earlier than the activation of Tcfap2a and Eomes (Figure 4.3).  
However, most EPI markers, such as Oct4, Sox2, Sall4 and Nanog are not significantly 
changed during this period. This up-regulation of the TE lineage markers Gata3 and 
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Cdx2 immediately follows the twin events of compaction and polarization suggesting that 
one or both of these events is required for the activation of these two TE-specific 
transcription factors. 
 
During compaction the most obvious morphological change is the increased adhesiveness 
of the cells. E-cadherin is known to be playing an important role in compaction. 
However, probably because of maternally supplied E-cadherin, loss of zygotic E-cadherin 
expression does not disrupt the initiation of compaction but fails to maintain it (Larue et 
al., 1994; Riethmacher et al., 1995). Ca2+ is required for E-cadherin mediated cell-cell 
adhesion thus the treatment of compacted 8-cell embryos with the calcium chelator 
EGTA efficiently decompacts embryos (Pey et al., 1998). Disruption of cell-cell adhesion 
can also be achieved by Cytochalasin D, an inhibitor of actin polymerization, resulting in 
a block of actin-mediated intercellular adhesion (and cytokinesis) in the preimplantation 
embryo (Pratt et al., 1981). Here I used both methods to disrupt cell-cell adhesion during 
compaction and phenotype treated embryos by gene expression profiling using realtime 
PCR.  
 
Both 2 mM EGTA and 4 uM Cytochalasin D (CD) treatment efficiently disrupted 
compaction. However, neither of the two experiments significantly decreased the 
transcripts of Gata3 and Cdx2 in the E3.0 embryos (Figure 4.20). It has been suggested 
that without cell-cell contact, single cells from the 8-cell stage still polarize (Pratt et al., 
1982; Shirayoshi et al., 1983). Cytochalasin D, which inhibits cytokinesis, intercellular 
adhesion and junction formation, does not affect morphological polarization associated 
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with compaction (Pratt et al., 1981). Here I show that cell-cell adhesion, which was 
implicated to be controlling the orientation of polarization (Ziomek and Johnson, 1980; 
Johnson and Ziomek, 1981; Johnson et al., 1986), is not essential for the activation of 
Cdx2 and Gata3 and the downstream TE transcriptional program. Not only is the TE a 
polarized epithelium it is thought that polarization signals are actively involved in 
establishing the TE transcriptional program thus these results suggest that compaction is 
uncoupled from polarization events. 
A
Gene Expression Fold Change of Treated Embryos Relative to 













Figure 4.20: Compaction is not required for the activation of the TE transcriptional 
program. (A) Gene expression levels of treated embryos (2 mM EGTA, 4 µM 
Cytochalasin D) relative to vehicle control. Treatments start from ~E2.5 (8-cell stage) to 
~E3.0 (~16-cell stage). Expression levels are normalized by Gapdh expression. Error bars 
correspond to six to nine replicates. (B) Morphology of control embryos (~E3.0); 2 mM 




4.8 aPKC signals activate the TE program 
Polarity signals are thought to be mediated by aPKC, which becomes apically localized at 
the 8-cell stage (Plusa et al., 2005; Ralston et al., 2008). To test the effect of polarity 
signals on TE differentiation, I used two cell-permeable protein kinase inhibitors specific 
to the PKCs. Gö6983 or Gö6976 each inhibit c/nPKCs but only Gö6983 has the ability to 
inhibit aPKC (Way et al., 2000). Treatment of embryos from the 8-cell (E2.5) to the 
morula (E3.0) stage with aPKC-active Gö6983 significantly reduced Cdx2 and Gata3 as 
well as the TE markers Id2, Dppa1, and Atp12a, while expression levels of ICM markers 
Oct4, Klf2 and Esrrb were little affected (Figure 4.21). In contrast, Gö6976 had little 
effect on gene expression compared to controls (Figure 4.21). Neither treatment had any 
effect on the compacted state of the embryos (Figure 4.20B). 
 
Figure 4.21: aPKC inhibition blocks the activation of the TE program. Gene expression 
levels of 8µM Gö6983 or 8µM Gö6976 treated embryos compared to vehicle controls. 
Embryos are treated from E2.5 (8-cell stage) to E3.0 (~16-cell stage). Expression levels 
are normalized by Gapdh and Actb. Error bars correspond to four replicates.  
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As indicated by the rhodamine–phalloidin staining, the relatively polarized structure of 
filamentous actin was disrupted by 8µM Gö6983 treatment (Figure 4.22A). Oct4, 
expressed all through pre-implantation development, was detected in all blastomeres of 
the 16-cell stage embryos and was unaffected by the treatment (8µM Gö6983, Figure 
4.22B). Immunostaining on the untreated E3.0 embryos suggests that all untreated 
embryos had Cdx2-positive cells (20 out of 20). In the treated embryos (8µM Gö6983, 
Figure 4.22C), Cdx2 was undetectable in 64% of the embryos (14 out of 22).  
 
Figure 4.22: The effect of 8µM Gö6983 on mouse embryos during compaction. (A) 
Phalloidin staining on 8µM Gö6983 treated and untreated embryos. (B and C) 
Immunostaining of Oct4 (B) and Cdx2 (C) on treated and control embryos. All embryos 
are at the 16±2-cell stage.  
 
With such a robust down-regulation of TE-specific factors upon Gö6983 treatment I next 
considered how this would morphologically alter blastocyst formation. With longer-term 
culture from the 8-cell through to the blastocyst stage both the control DMSO alone and 
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the c/nPKC inhibitor Gö6976 had little effect on blastocyst morphology (Figure 4.23A 
and B). This was in contrast to a complete loss of cavity formation upon treatment with 
Gö6983 and BIM (another PKC inihibitor that targets c/n/aPKC, Figure 4.23A and B). 
Thus, this would argue for the requirement of aPKC signalling in the activation of the TE 
transcriptional program, in the absence of which no functional epithelium is formed. 
Notably, embryos recovered for two days in normal media after exposure to Gö6983 
treatment from the 8-cell to morula stage were able to cavitate normally indicating the 
treatment is reversible and that aPKC signalling is not specifically required at the 8-cell 
stage nor required to be timed with the onset of compaction. 
 
Figure 4.23: (A) Morphology of E4.5 embryos that have been treated with different PKC 
inhibitors from the 8-cell stage (E2.5) onwards. Embryos: 0.05% DMSO Control; 5 µM 
Gö6976 treatment; 5 µM BIM treatment; 5 µM Gö6983 treatment. (B) Summary of PKC 
inhibitor treatments. 
 
4.9 Inhibition of MAPK during the 8-cell to 16-cell transition 
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It has been suggested that MAPKs are playing a role in mouse pre-implantation 
development. Both p38 MAPKs and Erk MAPKs have been shown to be important for 
trophoblast development (Natale et al. 2004; Saba-El-Leil et al. 2003; Lu et al., 2008). I 
therefore tested the effects of different MAPK inhibitors on mouse embryos during the 8-
cell to 16-cell transition. Under concentrations of 10 µM none of the MAPK inhibitors 
(p38 inhibitors SB220025; MEK inhibitors PD98059 and U0126; JNK inhibitor 
SP600125) had any significant effect on gene expression of 16-cell stage embryos after 
10h of treatment. However, 40 µM SB 220025 treatment or 40 µM PD98059 treatment 
slightly decreased Cdx2 transcript levels, while 40 µM SP600125 slightly increased Cdx2 
expression (Figure 4.24). None of these MAPK inhibitors had an effect on gene 
expression as significantly as the similar treatments with aPKC inhibitors (see above). 
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Figure 4.24: The effect of treatment with different MAPK inhibitors on compacting 
embryos. Gene expression levels are normalized to Gapdh and compared to vehicle 
controls. Error bars correspond to 4 replicates.  Specific inhibitors used and their targets: 
SB220025 (p38); PD98059 (MEK); U0126 (MEK); SP600125 (JNK). 
 
 
4.10 FGF signalling is required for EPI/PE lineage segregation 
The importance of Fgf4/Fgfr2 signalling in the earliest decisions of ICM differentiation, 
as implied by the earlier data (Table 3; Figure 4.19), is corroborated by the apparent 
absence of PE in Fgf4 and Fgfr2 null embryos, though it should be said that much less 
was known at the time about the suitability of various cell-type markers (Arman et al., 
1998; Feldman et al., 1995) More recently, blastocysts deficient in Grb2, an intracellular 
effector of FGFR signalling, were characterized as lacking PE and have an expansion of 
Nanog expression to all cells within the ICM (Chazaud et al., 2006). To further validate a 
role of FGF signalling in the earliest events of PE formation, I treated embryos during the 
morula (E3.0) to blastocyst (E4.0) transition with the specific FGF receptor inhibitor 
SU5402 and analyzed individual embryos with my repertoire of lineage markers. 
Remarkably, all the treated embryos expressed significantly lower PE-specific markers 
such as Gata4, Pdgfra, Creb3l2, and Sox17 compared to the vehicle controls whereas 
EPI-specific markers such as Fgf4, Nanog and Sox2 were higher (Figure 4.25). TE-
specific genes were unaffected by FGF signal inhibition. Gata6 levels remained 
unaltered, suggesting its expression is independent of FGF signalling. 
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 Figure 4.25: FGF signalling is required for PE differentiation. Gene expression level of 
10 uM SU5402 treated embryos compared to vehicle controls. Embryos are treated from 
E3.0 (~16-cell stage) to E4.0 (~64-cell stage). Expression levels are normalized to Gapdh 
and Actb levels. Error bars correspond to six replicates.  
 
4.11 The role of zygotic Sox2 in the inner cells 
Sox2 is among a small number of EPI TFs that have been shown to work in combination 
with other TFs to induce reprogramming of differentiated cells to a pluripotent state.   
Interestingly, though, I found that the developmental expression of Sox2 differs 
dramatically from that of other reprogramming factors such as Oct4 (Pou5f1), Nanog, 
Esrrb, Klf2, and Klf4 (Figure 4.26A). These other factors are all abundantly expressed in 
virtually all blastomeres of the 8-cell and 16-cell embryos (Figure 4.26A). Restriction to 
EPI cells for these five reprogramming factors occurs as a result of down-regulation in 
transcript levels within the other two blastocyst lineages rather than an EPI-specific 
transcriptional increase.  In contrast, Sox2 is at it lowest level of expression at the 8-cell 
stage (having decreased from a high level of maternal transcripts) and then is turned on in 
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inner cells in 16-cell embryos and induced much further yet in the ICM of 32-cell 
embryos. 
 
The identification of Sox2 as the earliest marker that seems to distinguish inner from 
outer cells, combined with the fact that Sox2 is a known activator of Fgf4 (Yuan et al., 
1995; Ambrosetti et al., 1997), suggests that Sox2 induction is directly related to the 
subsequent induction of Fgf4 and the establishment of the Fgf4/Fgfr2 reciprocal 
expression pattern that defines EPI and PE cells.  To confirm transcriptional activation in 
inner cells, Dr Wang Chaoyang and his assistant Sun Lili from my lab analyzed mice that 
contained an EGFP reporter targeted to the Sox2 locus (Ellis et al., 2004). We tracked the 
expression of the paternally derived EGFP allele of this by mating heterozygous males 
with wildtype females. No embryos at the 8-cell stage expressed EGFP, but in 
approximately 50% of the embryos EGFP became detectable in inner cells of the late 
morula. EGFP expression subsequently remains restricted to the ICMs of the early 
blastocyst (Figure 4.26B). This Sox2 targeted construct creates a null allele, so we also 
performed heterozygous crosses to obtain a mixture of embryos that can be expected to 
include homozygous wild-type, heterozygous Sox2+/- and knockout Sox2-/-.  We then 
asked which genes are most strongly correlated with Sox2 expression among these 
embryos. From sixteen E3.5 blastocysts, three of which had no detectable levels of Sox2, 
the genes most strongly correlated with Sox2 levels in a positive sense were Pecam1, 
Utf1, Klf2 and Fgf4 (Figure 4.26C).  These data suggest that zygotic transcription of 
Sox2, at least from the paternal allele, is activated in inner cells of the morula, which 
further leads to activation of different Sox2 targets including Fgf4. 
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 Figure 4.26: Sox2 during preimplantation development. (A) Expression data from the 
original single cell analysis for Sox2 compared to other reprogramming factors and 
presented as box plots (see Figure 4.10 for box plot explanation). (B) Fluorescent 
microscope pictures of Sox2/EGFP heterozygotes at morula and early blastocyst stage. (C) 
Gene expression correlation with Sox2 in the E3.5 blastocysts harvested from Sox2 +/− 
intercrosses.  
 
4.12 Inducible Cdx2 overexpression in ES cells 
Transcription factors are essential to defining cell-type specific phenotypes.  As revealed 
by knockout phenotypes, several transcription factors are critical to the establishment of 
the blastocyst cell lineages. One example of such a transcription factor is Cdx2 which is 
required for proper TE development (Strumpf et al, 2005) although the primary targets 
that lead to this defect have not been identified. I was interested in identifying what the 
primary targets of Cdx2 were in the activation of the TE transcriptional program. In order 
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to characterize functional targets of Cdx2, I used both an inducible Cdx2 overexpression 
ES cell line (from, and in collaboration with, the Rossant lab; Niwa et al., 2005) and also 
analyzed the expression of my 48 gene set in individual blastocysts derived from Cdx2 
+/- crosses (both reagents are from, and in collaboration with, the Rossant lab, Toronto).  
 
The ES cell line carries a hormone-inducible Cdx2 and the cells differentiate to the TE 
lineage with high efficiency upon induction (Niwa et al., 2005) so I used these cells to 
simulate the differentiation process from pluripotency to the trophoblast lineage. I 
utilized gene expression microarrays to look for global gene expression changes through 
a Cdx2 induction time course. As indicated in the heatmap, Cdx2 is significantly 
activated after induction (Figure 4.27). Other TE markers in my 48 gene set, such as 
Eomes, Krt8 and Id2, are also dramatically activated. At the same time, ES cell markers 
Fgf4, Sox2, Klf2, Pou5f1 and Nanog are downregulated after 6 days of induction. PE 
markers Gata6 and Gata4 as well as the endogenous controls Actb and Gapdh are not 
significantly changed. These results suggest that the key transcription factor Cdx2 is 
responsible for the activation of the TE-specific transcriptional program in addition to the 
downregulation of the EPI-specific transcriptional program during the induced TE 
differentiation. 
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 Figure 4.27: Gene expression changes after inducible Cdx2 overexpression in ES cells. 
The microarray heatmap depicts expression changes of the 48 genes I used in my single 
cell analysis through the time course. Red indicates low expression whereas yellow to 
white indicates high expression. The order of the genes is clustered according to their 
expression correlations. Red arrow: key TE markers; blue arrow: key ES markers; yellow 
arrow: key PE markers; green arrow: endogenous control. 
 
4.13 Analysis of Cdx2 knockout embryos 
To determine direct and functional targets of a transcription factor a loss-of-function 
assay is often used to determine the effect on global gene expression. Loss-of-function is 
often achieved through RNAi-mediated knockdown of the transcription factor of interest 
as this is the most accessible method however the gold standard for loss-of-function 
remains the knockout as this fully ablates all functional transcripts. I was fortunate 
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enough to have access to such Cdx2 knockout embryos through collaboration with Amy 
Ralston in Janet Rossant’s lab (Toronto). Cdx2 null embryos still form blastocoels but 
can not maintain them, and the loss of Cdx2 results in failure to down-regulate Oct4 and 
Nanog in outer cells of the blastocyst. Here I apply my high throughput realtime PCR 
platform to analyze blastocysts generated from Cdx2 +/- crosses. Having established 
when Cdx2 expression is first activated (the late 8-cell embryo) I aimed to analyze 
expression within 24h (the mid-blastocyst at E3.5) of this activation. This is a novel 
approach to determine the primary molecular defect in a knockout embryo, and precedes 
the first identifiable morphological defects. 
 
Individual blastocysts were harvested from crosses of Cdx2 heterozygous mice by Amy 
Ralston in Toronto and shipped to Singapore in PicoPure RNA extraction buffer 
(Arcturus Bioscience) on dry ice. I subsequently analyzed the expression of all individual 
embryos for the 48 genes. Theoretically, single embryo gene expression profiles of these 
blastocysts should exhibit a 1:2:1 ratio pattern according to the ratio of the different 
genotypes (wildtype:heterozygous:null). As expected, in the twenty six E3.5 blastocysts 
harvested from Cdx2 heterozygote crosses, six embryos do not have any detectable Cdx2 
mRNA. In addition, these six embryos express significantly lower Eomes and 
significantly higher Nanog and Oct4 (Figure 4.28), fitting with known gene expression 
changes within Cdx2 null embryos (ref). However with the remaining embryos it is 
difficult to determine which is wildtype from heterozyote from Cdx2 gene expression 
differences as the subtle differences may be representative of normal variations between 
individuals. There is no abnormal phenotype in Cdx2 heterozygous mice thus I did not 
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expect to see significant gene expression differences to that of wildtype. I quantified the 
expression in all these individual blastocysts generated from heterozygote crosses for 139 
genes, including most of the known functional regulators for blastocyst lineage 
regulation. I found that more than 50% of genes showed reproducibly altered expression 
levels in Cdx2 null embryos. Many TE enriched markers such as Tspan8, Wnt6, Mbnl3, 
Tmprss, Atp12a and Grhl1 are almost undetectable in Cdx2 null embryos. At the same 
time, EPI markers such as Pou5f1, Sox2, Nanog, Esrrb, Klf2, and Klf4 are significantly 
upregulated when Cdx2 is not present. Most PE markers such as Gata4, Gata6, Sox17 
and Sox7 are not significantly affected. Moreover, Cdx2 appears to be upstream of genes 
with various functions, such as the cell cycle molecule Cyclin-A1, the cytoskeletal 
molecule Llgl1, and the cell adhesion molecule E-cadherin as well as the epigenetic 
modifiers Dnmt1, Dnmt3a and Dnmt3b. 
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 Figure 4.28: Gene expression profiling of blastocysts derived from Cdx2 heterozygous 
intercrosses. Each of the 26 bars represents one blastocyst. All expression levels are 
normalized against endogenous control Gapdh. The order of the embryos is sorted 
according to Cdx2 expression. The redline seperates the knockout embryos (on the right) 
from the wildtype and the heterozygotes (on the left). 
 
4.14 Cdx2 correlation map 
In order to identify functional targets of Cdx2 and the nature of this regulation (positive 
or negative), I plotted genes according to their correlation with Cdx2 in both my initial 
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single cell data from the ~64-cell blastocyst as well as from the whole embryo profiling 
of E3.5 blastocysts generated from the Cdx2 heterozygous crosses (Figure 4.29). Based 
on the 2D plot, there are mainly three groups of genes that are of interest. The first group 
of genes are highly correlated with Cdx2 and thus can be confirmed as being positively 
regulated by Cdx2. The second group of genes are independent of Cdx2 activation, 
however they are specific to the Cdx2-positive TE. Finally, as previously described for 
Pou5f1 and Nanog, a large cluster of ICM markers are negatively regulated by Cdx2. 
Interestingly, the correlation pattern of Bmp4 with Cdx2 is unusual. Although Bmp4 is a 
very good EPI marker as identified in my single cell analysis, this expression within the 
blastocyst appears to depend on Cdx2 expressed in the TE. This suggests dependence of 
proper gene expression within the EPI on a fully functional TE, the mechanism of which 
would be an interesting avenue of investigation to pursue.  
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 Figure 4.29: Expression correlation map of different genes to Cdx2. X-axis indicates gene 
correlation with Cdx2 in single cells harvested from ~64-cell stage wild type embryos. 
Y-axis indicates gene correlation with Cdx2 in E3.5 blastocysts harvested from Cdx2 +/− 















5.1 Model for blastocyst lineage decision 
In my thesis work I have first developed and then applied single cell gene expression 
technology to capture the expression dynamics of 48 genes from hundreds of cells 
harvested over the first three days of mouse development. This was not a gene discovery 
study, as all 48 genes that were used (except for two controls) had either been shown 
previously to have a role in preimplantation development, or were identified as lineage 
specific markers in a preliminary analysis of 802 transcription factors.  Instead, single 
cell analysis of these important genes across multiple developmental time points provides 
a rich data set that allows us to visualize the formation of the first three cell types arising 
from totipotent blastomeres. From these data it is possible to construct a rudimentary 
genetic regulatory network of preimplantation development, salient features of which are 
highlighted in the model (Fig. 5.1). 
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 Figure 5.1 Molecular mechanism of blastocyst lineage segregation based on a cleavage-
driven model of blastocyst formation. 
 
Notable at the 16-cell stage of development is the robust expression in all blastomeres of 
many transcription factors that subsequently become lineage-restricted. This is consistent 
with studies looking at a combination of two factors by immunofluorescence detection 
(Dietrich and Hiiragi, 2007; Plusa at al., 2008). Though reminiscent of the multilineage 
transcriptional primed state first described in the haematopoietic system (Cross and 
Enver, 1997; Hu et al., 1997; Laslo et al., 2006) and subsequently characterized in 
embryonic stem cell populations (Efroni et al., 2008), this poised state of the 16-cell 
blastomere differs dramatically in robustness of expression. The high level of expression 
at the 16-cell stage argues against transcriptional activation of these genes at a subsequent 
stage as the primary event in lineage commitment. Rather, each blastomere is provided 
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with the transcriptional templates to form any of the three lineage-restricted regulatory 
programs. Self-organization of the 16 blastomeres then proceeds (Suwinska et al., 2008) 
with fate decisions driven largely by cellular interpretation of external information 
(Johnson and Ziomek, 1983). Genes of lineages not chosen are subsequently repressed. 
 
As suggested from my treatments of PKC inhibitors, one of these positional signals may 
be aPKC. aPKC is apically localized in the 8-cell embryo through to the morula stage 
(Yamanaka et al., 2006; Ralston and Rossant, 2008). As my data indicates, this signal is 
upstream of Cdx2/Gata3 activation which occurs in the 8-cell embryo and continues in 
the morula. This may explain the presence of Cdx2/Gata3 transcripts in all cells of the 
morula as each blastomere at the 8-cell stage has a generally equivalent apical surface. 
Sustained aPKC signalling in outside cells may eventually create the differential 
expression (Figure 4.16) between these and the inside cells that lack an apical surface. 
The molecular link connecting aPKC signalling and Cdx2/Gata3 transcriptional 
activation remains to be determined but may be mediated through Tead4 and its co-
activator (Nishioka et al., 2009). 
 
I provided functional data, consistent with earlier knock out analysis of FGF pathway 
molecules (Arman et al., 1998; Feldman et al., 1995; Chazaud et al., 2006), that Fgf 
signalling is a primary event in the formation of the PE. Inhibition of this signal 
substantially abrogates the activation of multiple PE-restricted developmental regulators 
(Figure 4.25). My results are also supported by a very recent publication from Janet 
Rossant Lab (Yamanaka et al., 2010). Importantly, the single cell analysis was able to 
 109
detect an inverse correlation within early ICM cells between Fgf4 and Fgfr2, the 
strongest inverse correlation of all 1,000+ gene pairs in the data set.  
 
Evidence is provided that the zygotic activation of Sox2 within inner cells of the morula 
establishes the first notable molecular difference between outer and inner cells. This 
difference not only distinguishes TE and ICM progenitors, but also generates the 
Fgf4/Fgfr2 inverse correlation through different waves of inner cell production and 
supports the cleavage-driven model of EPI/PE specification (Chisholm et al., 1987; 
Chazaud et al., 2006; Yamanaka, 2006). It has been characterized that ICM cells 
originate from different waves of inner cells generated via asymmetric division (Pedersen 
et al., 1986; Sutherland et al., 1990). The data I generated suggests a plausible molecular 
mechanism for this process whereby 4th cleavage-derived inner cells initiate Fgf4 
transcription through direct activation by Sox2 (Yuan et al., 1995). At the same time, 
Fgfr2 is downregulated, perhaps directly by Sox2 as well (Masui et al., 2007). In the next 
cell division, a second wave of inner cells is formed. Unlike the inner cells formed at the 
4th cleavage, these new Fgfr2-positive inner cells are exposed to Fgf4 and are responsive 
to it. The first-wave inner cells are also exposed to Fgf4, as they are the ones producing 
it, but Fgfr2 is downregulated in these cells, so they become unresponsive. Through a 
mechanism yet to be defined, the data suggest that 5th cleavage-derived inner cells 
immediately down-regulate Nanog in response to the FGF signal (Figure 4.19), and the 
loss of Nanog results in PE formation (Mitsui et al., 2003). Nanog repression in response 
to FGF signal is supported by in vitro ES cell-based studies (Hamazaki et al., 2006). The 
model, then, is that the first wave of inner cells (4th cleavage; 16-cell embryo) gives rise 
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to EPI, while the second wave, responding to Fgf4 signalling from the first wave, gives 
rise to PE. 
 
The association of Sox2 induction at the 16-cell stage with the establishment of reciprocal 
Fgf4/Fgfr2 expression in ICM seems clear, but does not strongly predict the phenotype of 
a Sox2 null. As it happens, Sox2 null embryos that implant have a marker of 
extraembryonic endoderm but lack EPI (Avilion et al., 2003). Thus PE formation is the 
default developmental pathway for ICM cells in the absence of Sox2. The abundance of 
Gata6 within the morula prior to zygotic Sox2 transcription provides a reasonable 
explanation for this as it is known to be downstream of FGF signalling in an embryoid 
body model of PE formation (Li et al., 2004), and its over-expression in pluripotent cells 
is sufficient to drive PE formation (Fujikura et al., 2002). My data indicates that Gata6 
levels remain robust in the nascent ICM, are independent of FGF signalling, and only 
later are subsequently down-regulated in the EPI (Figure 4.25).  
  
Importantly, longer residence time on the outside surface of the morula may also be 
playing a role in PE formation. Indeed, TE and PE have in common epithelialization, 
which occurs first in TE. Dab2, an epithelializing protein is expressed in both TE and PE 
and my data suggests 32-cell inner cells contain a sub-population of Dab2-positive cells, 
perhaps representing trace transcripts from the Dab2-high 16-cell outer cells. Indeed, 
residual expression of a TE gene (Krt8) provided the initial quantifiable difference 
between 4th cleavage-derived and 5th cleavage-derived inner cells (Chisholm et al., 1987) 
leading to the development of the cleavage-driven model of EPI/PE formation. 
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Interestingly, although of insufficient cell numbers to be statistically significant, the 
strongest inverse correlation with Krt8 in my data set at the late morula stage was indeed 
Fgf4 (data not shown). This inverse correlation marks the difference between the two 
waves of inner cells. 
 
The proposed model clearly supports the notion that external signals are critical for the 
blastocyst lineage decision. The sequential cell division and internal transcriptional 
cascade orchestrated with external signals, direct the two waves of lineage segregation. 
As shown in the analysis, the full segregation of the TE and ICM transcriptional program 
follows aPKC-based polarity signals while the full segregation of PE from EPI is 
dependent on and downstream of FGF signalling, suggesting a leading role played by 
external controls. Although the poised 16-cell stage transcriptional program is the 
prerequisite for the cells to differentiate, the decision-making actually depends on 
external information. This idea is consistent with the highly regulative nature of mouse 
morula cells revealed by earlier cell fate studies. 
 
5.2 Biased development and stochastic patterning 
Interestingly, there are currently two opposing models that emphasize the role of internal 
control in blastocyst patterning. The model of “biased development” suggests that 
differences in cell pluripotency exist in the blastomeres before the 8-cells stage, and this 
difference does not depend on cell position but on what the cell inherits (Pitorowska-
Nitsche et al., 2005). The nature of this difference remains an open debate. Jedrusik et al. 
(2008), work that I was involved in, also showed variable expression levels of the TE-
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specific transcription factor Cdx2 among the 8-cell stage blastomeres (Jedrusik et al., 
2008) and that this variation apparently corresponded to the early cleavage patterns. 
However, one crucial question is whether or not the cell fate bias (presumably resulting 
from gene expression variations) truly results from the inheritance of an internal 
determinant. I observed that most of the maternally transcribed TE-specific genes (such 
as Dppa1, Id2, Krt8 and Tspan8) are initially rapidly degraded during early cleavages and 
only subsequently reappear through robust zygotic activation after polarization and 
compaction. This is consistent with the idea that mammalian early development should 
not be dependent on maternal inheritance (Rossant and Tam, 2009). 
 
Nevertheless, there could be other explanations for the developmental bias, such as 
differing cell cycle timing or physical clues, for example. Another important question is 
whether the variation in early blastomeres is enough to segregate cell types. In the current 
study, I was able to answer that question by looking for systematic variations rather than 
focusing on the variation of an individual gene. Principal component analysis applied to 
the expression of 48 genes in early stage embryos did not detect any robust systematic 
variation until the 32-cell stage, with only subtle differences detectable at the 16-cell 
stage (Id2/Sox2 inverse correlation), and nothing prior to this stage. This would argue that 
cell lineage segregation does not occur until after the 8-cell stage. My analysis of a 
combination of 48 genes highlights the systematic variations within the data and provides 
a more reliable standard for resolving cell types. Even if early asymmetries bias the 
expression of some developmental genes, this should be readily overridden by the 
external signalling events (Rossant and Tam, 2009). 
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 Recently, a “stochastic patterning” model has been put forth for explaining blastocyst cell 
fate decisions. This has been based on the detection of variable expression of different 
lineage markers, regardless of cell position, within the morula (Dietrich and Hiiragi, 
2007; Plusa et al., 2008). It has also been suggested that PE/EPI precursors exhibit 
random distribution within the ICM of the early blastocyst (Chazaud et al., 2006; Plusa et 
al., 2008). These findings raise the possibility of a stochastic process for blastocyst 
patterning in the formation all three cell lineages and lead to the perception that 
blastomeres are still identical in nature at the mid-morula stage. 
 
In my study, similar to the works that propose a stochastic model, I have observed co-
expression of markers of different lineages within individual blastomeres at the 16-cell 
stage. However, unlike this other work, which was based on immunofluorescence 
detection of proteins, this expression was not stochastic but robust in virtually all 
blastomeres. This state, which we define as poised, is highly regulative, and is capable of 
differentiation toward any of the three lineages. 
 
Though the data indicate little difference between individual blastomeres within the early 
morula (ie. the poised state), as these 16-cell stage blastomeres mature and respond to 
positional cues (inner versus outer signals) the earliest consistent gene expression 
differences become apparent; inner cells express higher levels of Sox2 while outer cells 
express higher Id2. In addition, the different waves of inner cells marked by Krt8 
expression appear to show differential expression levels of EPI marker Fgf4. Although 
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stochasticity in gene expression does exist, I would argue that the core developmental 
program for these cell fate decisions is more tightly controlled and less random. One 
argument against the “stochastic fate choice” is that for the preimplantation embryo, with 
its very limited cell number, it would be quite risky to rely on a complete random process 
for the specification of the three lineages. With complete randomness there would be a 
distinct possibility to have extreme cell numbers for a particular lineage, and presumably 
this would be detrimental to continued development. In the working model developed 
here, blastocyst lineage differentiation follows precise sequential molecular events 
directed, at least in part, by external signals. This would ensure the fidelity, accuracy, and 
synchronicity of preimplantation development. 
 
5.3 Independent regulation of different transcription factors 
The formation of different cellular identities requires cell-type specific transcription 
factors to coordinate the battery of genes responsible for creating a specific cellular 
phenotype. Though there was an initial bias towards a single master regulator of cell type 
identity, heavily influenced by the early identification of Myod the master regulator of 
skeletal muscle differentiation (Tapscott, 2005), it is now becoming apparent that 
numerous transcription factors (as opposed to a single master) make a cell type. This is 
precisely the reason why my single cell analysis was so successful in defining cell types, 
as 27 of the 48 genes analyzed were transcription factors. One question I wanted to begin 
to address in my studies was how one of a multiple set of transcription factors 
coordinates lineage-specific gene expression. I focused on one such transcription factor 
essential to the proper establishment of the TE lineage, namely Cdx2.  
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 For this I analyzed global gene expression patterns from an inducible Cdx2 ES cell line 
and a more focused set of genes (still greater than 100) in Cdx2 null blastocysts. In 
combination with this I did spend a significant amount of energy working on Cdx2 
chromatin immunoprecipitation to identify direct targets of Cdx2 although, due to 
technical difficulties, this has yet to be fully successful. However, as revealed by my 
analysis of null blastocyst, Cdx2 generally positively regulates many genes in the TE 
transcriptional program and repress many in the ICM transcriptional program. 
Importantly, although expression of Eomes, Id2, Krt8 and Atp12a depend on Cdx2, 
several additional TE specific markers do not. The expression of genes such as Gata3, 
Tcfap2a and Dppa1 are not at all affected in the Cdx2 null embryos. These factors may 
direct the formation of the TE phenotype (such as epithelialization) independently of 
Cdx2. This would provide some explanation why Cdx2 knockout embryos are still 
capable of cavitating, though embryos have difficulty in maintain this. At the same time, 
although Cdx2 represses Pou5f1, Sox2 and Nanog, it does not affect the expression level 
of Sall4. A similar pattern of independent regulation by different transcription factors is 
also seen for ICM specification. As reported before, Pou5f1, Sox2 and Nanog null 
embryos all form ICM, although exhibiting defects in the pluripotency of ICM cells. In 
the genetic network that directs the very first differentiation event, a model of 
independent regulation by different transcription factors certainly helps to ensure proper 
lineage segregation and filters out possible noise during this important developmental 
process. Of interest to note is similarity in expression pattern between Cdx2 and Gata3 in 
both the single cell data and the initial 802 transcription factor data. Although Gata3 
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expression is fully indpendent of Cdx2 function, both are activated by the aPKC polarity 
signal as I have described. 
 
How this aPKC signal activates Cdx2 and Gata3 expression remains unclear but may 
involve Tead4. Tead4 null embryos show stronger TE abnormalities than Cdx2 null 
embryos, because the former fail to form any blastocoel at all (Yagi et al., 2007; Nishioka 
et al., 2008). However, Tead4 is not a TE lineage specific marker; it is also expressed in 
the ICM lineages (Nishioka et al., 2008). A recent study suggests that the function of 
Tead4 depends on its coactivator and that specific localization of this coactivator may 
lead to the TE functional specifcity of Tead4 (Nishioka et al., 2009). One intriguing fact 
is that, Cdx2 is not totally absent, and it is weakly expressed at morula stage (Nishioka et 
al., 2008). Moreover, Cdx2 overexpression can drive TE differentiation of ES cells 
independent of Tead4. Again, these results indicate that the first lineage decision is 
regulated by a network with relatively independent factors, which would lead to a more 
reliable fate choice. 
 
5.4 Single cell methodology 
Most of our current understanding of gene expression comes from assays using pooled 
samples containing millions of cells. However the fundamental unit of gene expression 
(and of development) is an individual cell. Evidence suggests striking variability in gene 
expression even among the same types of cells (Eberwine et al., 1992; Elowitz et al., 
2002). In fact, it is even debatable whether the “average cell” is a useful concept (Levsky 
and Singer, 2003). Thus expression analysis at the single cell level is vital to understand 
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cell-to-cell variations within a population and how such variation is established (for 
example by expression noise or functional cell type differences), and ultimately to 
understand how a single cell (the zygote) develops into a complex multicellular 
organism. 
 
Gene expression at the single cell level has been examined before in other mammalian 
cellular systems such as in hematopoietic progenitor cells (Warren et al., 2006; Warren et 
al., 2007), hippocampal neurons (Eberwine et al, 1992), and pancreatic cells (Bengtsson 
et al, 2005). It has also been applied to the mouse preimplantation embryo. Kurimoto et 
al. (2006) used a single cell whole-genome microarray approach to examine 
heterogeneity within the ICM. More recently, Tang et al. (2009) applied single cell RNA-
seq to mouse oocytes and 4-cell stage blastomeres. However, compared to the protocol I 
established, these whole genome protocols would be extremely expensive and time-
consuming to apply to a large sample size as I have done. Moreover, current global 
amplification methods target the very 3’ end of mRNAs and thus may introduce 
significant bias between different genes.  
 
In the protocol I developed, the recovery of material was maximized and the need for 
sample preparation minimized by introducing single-tube, one-step multiplexed PCR 
preamplification. The preamplified products were then aliquoted to individual gene-
specific Taqman primer-probe sets for analysis using a high-throughput realtime PCR 
system (48.48 Dynamic Array, Fluidigm). This protocol leverages on the highly 
optimized Taqman realtime PCR primer-probe sets of ABI, considered the gold standard 
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in gene expression. The ABI-validated PCR efficiency of inventoried TaqMan probes 
was the key to ensure unbiased PCR amplification. The BioMark microfluidic realtime 
PCR system significantly increased the throughput of the analysis, and allowed us to 
analyze 48 genes in more than 500 individual cells at seven different developmental 
stages. The method saves not only time but also materials and reagents, since the system 
performs individual realtime PCRs in nanoliter reaction volumes.  
 
The sequence-specific preamplification is not without technical artifacts and I was sure to 
identify these by running all necessary controls. The most significant problem during 
preamplificaiton are primer-dimers and variations on these created by the mixing of 48 
primer sets which then later affect gene expression quantification due to high background 
noise. In my study three of the 48 genes were problematic in this regard (Cdx2, Gata3, 
and Tcfap2c). I sequenced examples of some of these nonspecific amplification products, 
and all turned out to be primer-dimers (or heteromers). To interfere with the eventual 
realtime readout, these priming artifacts must also include sequence specific to the 
internal probe found in Taqman realtime assays (as this generates the realtime signal), 
which remarkably they do for these three problematic genes. Though the expression 
information detected above this high background remains informative, expression 
information at lower levels for these three genes would be lost in my experiments. One 
way to potentially solve this problem is to exclude each probe from the preamplification 
step, to reduce the chance of the sequence being incorporated into priming artifacts 
though this was not possible from the reagents I used as the primers and probes from ABI 
come combined in a single tube. 
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 In addition to this dynamic array which I used most extensively, the Fluidigm digital 
array provides an additional option to enabling a new level of sensitivity and flexibility in 
detecting/counting absolute copies of individual mRNA species. The digital array works 
by apportioning a single unamplified sample into 765 individual 6 nL realtime qPCR 
reaction wells (a limiting dilution). The initial number of specific mRNA molecules in a 
given sample/individual cell can be calculated by totaling the number of positive wells 
out of the total 765 on a digital array with the notion that any individual positive well is a 
result of the amplification of a single molecule. My results from digital array analysis 
suggest that mRNA copy numbers of the endogenous control gene Actb in early embryo 
single cells range from several hundred to one thousand, while the mRNA copy numbers 
of transcription factors such Nanog, Gata3 and Gata6 are usually below one hundred per 
cell. This copy number difference (8 to 16 fold) is consistent with the Ct difference (3 to 
4) for these genes from my dynamic array data. 
 
Interestingly, prior studies using single cell analysis have characterized gene expression 
as a noisy process with both mRNA synthesis and protein synthesis occurring 
stochastically (Raj et al., 2006; Cai et al., 2006). In addition, the quantitative relationship 
between upstream regulators and downstream targets appears to fluctuate dynamically in 
individual living cells (McAdams and Arkin, 1997; Rosenfeld et al., 2005). In contrast, 
by quantitative expression analysis of multiple determinants in single cells through early 
development, my data suggest the degree of random gene expression variation is actually 
very limited in the preimplantation embryo. Instead, expression within individual cell 
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types appears systematic and synchronized. Whether the difference from earlier single 
cell studies is a result of analysis of different cell types and/or technical differences 
remains unknown but with my data I am confident with the conclusions as this systematic 
and synchronized expression was across many genes analyzed in parallel.  
 
With this single cell protocol a new concept has been introduced to define cell types. 
With the ability to analyze many genes in parallel from individual cells, with the 
appropriate selection of genes, it now becomes possible to robustly define a cell type 
based on a combination of lineage determinants. This avoids potential noisy information 
(leading to misleading conclusions) based on individual gene studies and is more 
representative of systematic functional difference. This type of multi-gene analysis is 
analogous to the use of antibodies to multiple cell surface epitopes to define cell types in 
the hematopoietic system however my mRNA profiling can be achieved at a much higher 
dimension (48 to upwards of 90) compared to FACS analysis (maximum 10-12 
antibodies). One could imagine how it may be possible in the near future to define a 
minimal set of genes (Taqman gene expression assays) to define, based on this method, 
each of the hundreds of cell types in the human body.   
 
In summary, the insights obtained in this study depend on analyzing many genes in 
parallel at the single cell level. Multiple genes provide a more accurate view of cellular 
phenotypes, a critical point as developmental decisions are made at the cellular level, and 
are likely to be affected by the relative expression levels of many genes. This single cell 
analysis offers new insights into the formation of the mammalian blastocyst. In general, 
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the application of these methods to other biological systems will no doubt add clarity to 

























This work is the first systematic and quantitative analysis of a multicellular organism at 
the single cell level. My functional analysis provides unprecedented insight into the 
preimplantation developmental system. The proposed model addresses some of the hotly 
debated issues regarding blastocyst lineage segregation. This research now opens the 
possibility of assessing the genetic triggers for fate determination of individual cells 
during developmental process. On another level, this work highlights the importance of 
new microtechnologies in advancing the understanding of early embryonic events. 
However, due to the limitation of individualized realtime PCR reactions, my analysis 
mainly focused on 48 genes. It would be ideal if quantitative single cell analysis can 
capture the entire transcriptome and there is recent evidence that this is eminently 
possible (Tang et al., 2009). As the price for sequencing continues to drop, a robust single 
cell total RNA sequencing technique may eventually be developed and become popular. 
Such new methods would provide unbiased insight at the single cell level into the 
dynamics of gene expression in a biological system.  
 
Furthermore, I provide compelling evidence that aPKC signalling is crucial to TE 
differentiation, while FGF signalling is crucial to PE differentiation. This study is the first 
to link the aPKC pathway with the transcriptional activation of the TE lineage. 
Nevertheless, one limitation in this aspect of my work is that I was using chemicals to 
functionally disrupt specific pathways. The specificity of the inhibitors is hard to validate, 
particularly with respect to aPKC inhibition, although previously characterized as highly 
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specific to PKCs, the PKC inhibitors used may not be so specific to different PKC 
isoforms, such as cPKC, nPKC and aPKC. However, this drawback may turn out to be an 
advantage, precluding all possible redundancies between different PKC isoforms.  
 
Finally, I looked into the downstream targets of the key TE specific transcription factor 
Cdx2. Genome-wide gene expression analysis of an ES cell line with inducible Cdx2 
over-expression identified potential targets of Cdx2 in TE differentiation. These targets 
were further validated by their expression correlation with Cdx2 in the wide type 
blastocyst as well as the Cdx2 knockout blastocysts. Although my characterization of 
functional Cdx2 targets are constructive to the understanding of TE lineage specification, 
Cdx2 itself may not be a decisive factor for TE formation. One possible reason would be 
the independent regulation of epithelialization by different transcription factors (such as 
Gata3 and Tcfap2a) during TE differentiation. Recent studies also reveal that an upstream 
regulator Tead4 is required for TE generation. It would be important to understand the 










Future work is needed in the following specific directions: 
1. Characterization of gene expression at protein level. 
 
2. An unbiased genome-wide amplification protocol should be developed to allow for 
whole transcriptome analysis (such as microarray or sequencing) from single mouse 
embryos and single cells. 
 
3. In order to construct a transcription factor network, the knockout analysis should be 
extended to other key genes such as Oct4, Gata3, Gata6 and Tead4. 
 
4. The specific function of different PKC isoforms should be examined using genetic 
manipulation in the mouse embryos. Their direct targets, which are still unknown, could 
be characterized in trophoblast stem cells. 
 
5. It would be interesting to identify functional targets of Cdx2, Gata3, Tead4 as well EPI 
lineage transcription factors during TE differentiation in a timecourse dependent manner. 
A possible system to use is the inducible Cdx2 overexpression ES cell system. 
 
6. A ChIP-seq protocol for a small number of cells, which can be applied directly to 
embryo materials, should be extremely helpful for characterizing genetic networks in 
vivo. It would be important to understand the direct targets of key transcription factors 
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